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Since its introduction in 1977, percutaneous coronary intervention has become one of the most commonly performed therapeutic proce-
dures worldwide. Such widespread diffusion, however, would have not been possible without a concomitant evolution of the pharmaco-
therapies associated with this intervention. Antithrombotic agents are fundamental throughout the management of patients undergoing
coronary stent implantation, starting from the procedure itself to the long-term prevention of cardiovascular events. The last 40 years of
interventional cardiology have seen remarkable improvements in both drug therapies and device technologies, which largely reflected a
progressive understanding of the pathophysiological mechanisms of coronary artery disease, as well as procedure- and device-related ad-
verse events. The purpose of this article is to provide an overview of the important milestones in antithrombotic pharmacology that have
shaped clinical practice of today while also providing insights into knowledge gaps and future directions.
...................................................................................................................................................................................................
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Introduction

Tremendous advancements have been made in the field of interven-
tional cardiology since the first successful human percutaneous trans-
luminal coronary angioplasty (PTCA) was performed by Andreas
Grüntzig on 16 September 1977.1 However, any discussion regarding
the progress made would be incomplete without acknowledging the
vast efforts that were simultaneously dedicated towards improving
the therapeutic agents and strategies to prevent recurrent events.
Progressing from the era of solely preventing thrombosis to subse-
quently understanding the prognostic relevance of bleeding complica-
tions in stented patients, the primary focus of physicians now is to find
the optimal duration and combination of antithrombotic drugs
according to individual risk characteristics. With the continuous refine-
ment in stent technologies, novel antithrombotic agents and expand-
ing indication to an older and sicker population with anatomically
complex coronary artery disease (CAD), management of patients
undergoing percutaneous coronary intervention (PCI) is as challenging

as ever. The present review summarizes the extensive evidence base
on interventional pharmacology that has been generated over the last
40 years, focusing first on the evolution of intraprocedural anticoagula-
tion followed by post-procedural antithrombotic therapy. Emphasis
has been given to the changes that occurred in dual antiplatelet ther-
apy (DAPT) management as a result of improvements in stent design,
development of new drugs and a better understanding of the patho-
physiology underlying coronary thrombotic events.

Intraprocedural pharmacology:
back to the future

As an invasive, intravascular procedure, PCI may lead to bleeding and
thrombotic complications. Intraprocedural anticoagulation is neces-
sary to prevent thrombus formation both on the surface of the intra-
vascular equipment and resulting from local plaque rupture and
dissection caused by balloon angioplasty or stent implantation.

* Corresponding author. Tel: þ1 212 659 9649, Fax: þ1 646 537 8547, Email: roxana.mehran@mountsinai.org
†The first two authors contributed equally to the study.
Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2020. For permissions, please email: journals.permissions@oup.com.

European Heart Journal (2021) 42, 339–351 STATE OF THE ART REVIEW
doi:10.1093/eurheartj/ehaa824 Interventional cardiology

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/42/4/339/6050475 by Ist. C

linico H
um

anitas - M
I user on 30 Septem

ber 2021

http://orcid.org/0000-0001-7755-4069
http://orcid.org/0000-0001-8659-6850
http://orcid.org/0000-0002-9333-2658
http://orcid.org/0000-0002-1703-7921
http://orcid.org/0000-0002-5546-262X


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..However, bleeding complications after PCI are also associated with
substantial morbidity and mortality.2,3 Therefore, a pharmaceutical
regimen providing just the right amount of anticoagulant effect is of
paramount importance. Current agents used for periprocedural anti-
coagulation include inhibitors of factor IIa (thrombin) and/or factor
Xa (Table 1).4

Unfractionated heparin (UFH) was historically the first drug to be
used during PCI and remains the most widely used anticoagulant for
this indication. Drawbacks of UFH include a variable anticoagulant re-
sponse sometimes leading to heparin resistance, the inability to in-
hibit clot-bound thrombin and, although uncommon in a PCI setting,
the risk of heparin-induced thrombocytopenia.5

Low molecular weight heparin (LMWH) is derived from UFH and
has better bioavailability and minimal protein binding, which results in
a more reliable dose–response relationship. Mechanistically, LMWH
has a higher anti-Xa/anti-IIa ratio than UFH.6 Enoxaparin is the most
studied LMWH to facilitate PCI and is available in subcutaneous and
intravenous forms to be administered either upstream in case of
acute coronary syndrome (ACS) or only during PCI in stable patients.
A meta-analysis of 13 randomized trials comparing intraprocedural
LMWH with UFH showed a significant reduction in major bleeding in
the LMWH group with similar rates of death or myocardial infarction
(MI).7 The main limitation of enoxaparin remains the inability to ef-
fectively monitor the extent of anticoagulation at bedside.

In 1979, Lindahl et al.8 showed that the minimum molecular se-
quence of heparin required to bind antithrombin was a pentasacchar-
ide. This was synthesized by Choay et al.9 in 1983 as fondaparinux.
Fondaparinux has no effect against thrombin but only inhibits factor
Xa. In the OASIS 5 trial involving 20 078 patients with non-ST-eleva-
tion ACS, fondaparinux markedly reduced major bleeding at 9 days
compared to enoxaparin (2.2% vs. 4.1%, P< 0.001) with no trade-off
in ischaemic events.10 This resulted in a significant reduction in

mortality with fondaparinux at both 30- and 180-day follow-ups. The
lower bleeding rates were also reflected in the subgroup of patients
who underwent PCI. However, fondaparinux alone was found to in-
adequately prevent catheter-related thrombosis, a finding also con-
firmed in the OASIS 6 trial, which investigated patients with ST-
elevation myocardial infarction (STEMI).10,11 This led to the recom-
mendation of administering additional treatment with an anticoagu-
lant possessing anti-IIa activity at the time of PCI.12 Subsequently, in
the FUTURA/OASIS 8 trial, low-dose UFH did not result in
decreased peri-PCI major bleeding as compared with standard-dose
UFH in high-risk patients with non-ST-elevation ACS initially treated
with fondaparinux.13

Direct thrombin inhibitors act independent of antithrombin, which
means that they can also inhibit thrombin bound to fibrin.14

Bivalirudin is the most commonly used direct thrombin inhibitor dur-
ing PCI, while lepirudin (recombinant hirudin), danaparoid and arga-
troban are mostly limited to patients with heparin-induced
thrombocytopenia.

Evolving recommendations on the use of
GPIs, heparin and bivalirudin
The history of glycoprotein IIb/IIIa inhibitors (GPIs), heparin and
bivalirudin is highly interwoven, and recommendations regarding
their use have changed significantly over the last three decades.
The currently available GPIs abciximab, eptifibatide and tirofiban
inhibit the glycoprotein IIb/IIIa complex, which is a crucial compo-
nent in the platelet aggregation pathway.15 Before the current era
of routine stenting and P2Y12 inhibitor preloading, a number of
trials showed a significant reduction in ischaemic events with the
routine adjunct use of a GPI during PCI, albeit at the cost of
increased periprocedural bleeding.16–19 By the early 2000s, intra-
procedural administration of UFH plus a GPI had become

....................................................................................................................................................................................................................

Table 1 Currently used agents for periprocedural anticoagulation during percutaneous coronary intervention

Drug Mechanism

of action

Route of

administration

Bedside effect

monitoring

Recommended dose Reversibility Risk

of HIT

Unfractionated

heparin

Anti-IIa

Anti-Xa

(1:1 Anti-Xa/Anti-

IIa ratio)

i.v. Yes, using ACT 70–100 U/kg bolus to achieve tar-

get ACT of 250–350 s (50–

70 U/kg bolus with GPI)

Yes, with protamine

sulphate (1–1.5 mg/100 U,

maximum 50 mg)

þþþ

Low molecular

weight heparin

(Enoxaparin)

Anti-IIa

Anti-Xa

(4:1 Anti-Xa/Anti-

IIa ratio)

i.v. No 0.5–0.75 mg/kg bolus Partial, with

protamine sulphate

(1 mg/mg enoxaparin)

þ

Fondaparinux Anti-Xa s.c. No 2.5 mg daily before PCI

1.5 mg if CrCl 20–50 ml/min

No þ/�

Bivalirudin Anti-IIa (direct) i.v. Yes, using ACT 0.75 mg/kg bolus, followed by

1.75 mg/kg/h infusion

No �

Argatroban Anti-IIa (direct) i.v. Yes, using ACT 350mg/kg bolus, 25 mg/kg/min

infusion

No �

Enoxaparin and fondaparinux can be administered either i.v. or s.c. The table reports the recommended routes of administration and doses for periprocedural anticoagulation.
ACT, activated clotting time; CrCl, creatinine clearance; GPI, glycoprotein IIb/IIIa inhibitor; HIT, heparin-induced thrombocytopenia; i.v., intravenous; PCI, percutaneous coron-
ary intervention; s.c., subcutaneous.

340 D. Cao et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/42/4/339/6050475 by Ist. C
linico H

um
anitas - M

I user on 30 Septem
ber 2021



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
the standard of care. Subsequently, several trials showed
lower bleeding rates and significant survival benefit associated
with bivalirudin compared to UFH plus a GPI in patients under-
going PCI for chronic coronary syndrome and ACS.20–24 This led
to a class IA recommendation to use bivalirudin in PCI for ACS in
the 2014 European Society of Cardiology (ESC) guidelines on
myocardial revascularization.25 However, because of advances in
the ever-evolving field of interventional cardiology, such as
increased uptake of radial access, safer next-generation drug-elut-
ing stents (DES), routine preloading of P2Y12 inhibitors and the ad-
vent of novel potent P2Y12 inhibitors, a new wave of trials
investigated the use of UFH without routine GPI administration as
compared to bivalirudin and no longer showed a reduction in
bleeding with bivalirudin, but rather an increased risk of acute stent
thrombosis (ST).26–30 Therefore, recent guidelines downgraded
the recommendation for bivalirudin in ACS to IIB, while maintain-
ing a class I recommendation for UFH.31

Stent technology and
antithrombotic therapy:
a never-ending story

Origins of antithrombotic therapy after
PTCA
Acute intracoronary thrombosis was relatively uncommon (3–5%)
in the very early days of PTCA, despite a wide variety of non-
standardized antithrombotic regimens being used worldwide,
mostly based on periprocedural heparin and dextran, with long-
term warfarin or high-dose aspirin.32,33 Warfarin was originally the
most used long-term therapy to prevent abrupt vessel closure
after PTCA, as it had been shown to reduce ischaemic events in
patients with acute MI.34 However, indirect comparisons between
observational data on different antithrombotic regimens ques-
tioned the role of warfarin over aspirin. It was in fact Dr Margaret
Thornton, Dr Grüntzig’s wife, who first tested this hypothesis in
1984 with a study that randomized 248 patients to 325 mg of as-
pirin or warfarin post-PTCA.35 While there was no significant dif-
ference in the primary endpoint of recurrent stenoses overall, the
subgroup of patients with a long history of angina derived signifi-
cant benefit from the use of aspirin compared to warfarin (21% vs.
44%; P< 0.05), laying the ground for aspirin as the cornerstone of
antithrombotic therapy after coronary interventions.35

Nonetheless, abrupt vessel closure due to acute elastic recoil and
flow-limiting dissection remained relatively common after PTCA,
irrespective of the antithrombotic regimen, and was tightly linked
to an increased risk of MI and sudden death.32 Metallic coronary
stents were therefore conceived with the aim of preventing these
dreaded complications of PTCA.36 However, as coronary stents
gained increasing popularity, ST turned out to be the most feared
drawback of this pioneering technology.

Stent thrombosis and intensified
antithrombotic regimens
Following preclinical observations in animal models,37 early clinic-
al experience with self-expandable stents in Europe showed that

intense post-procedural anticoagulation with warfarin on top of
aspirin and dipyridamole compared to antiplatelet drugs alone
was effective in reducing the risk of early ST.38 Similar findings
were also reported in the first registry of patients receiving the
Palmaz-Schatz balloon-expandable stent in the USA.39 In this
study, patients were treated with intravenous dextran starting 2 h
before the procedure followed by aspirin indefinitely and dipyrid-
amole for 3 months. Because post-procedural oral anticoagula-
tion (OAC) was not mandatory in the first 39 patients, this
subgroup showed a 18% rate of subacute ST, while the following
patients treated with warfarin had a significantly lower risk.39

Nevertheless, early ST remained a critical issue even with OAC
therapy, especially in the case of urgent procedures due to failed
balloon angioplasty or acute MI.40 The first attempt to reduce
early ST involved intensifying anticoagulation with high-dose hep-
arin and increasing the target INR (international normalized ratio)
range from 1.8–2.4 to 2.5–3.5 with warfarin.41 This strategy
reduced the incidence of ST to 1–5% but with the downside of an
unacceptable 10–15% rate of bleeding and vascular complica-
tions.41 Prognostic implications of bleeding were progressively
recognized and brought forth the need for simplified antithrom-
botic strategies. Despite their established antiplatelet properties,
dextran and dipyridamole did not show an incremental benefit
over aspirin alone and were associated with considerable side
effects. Hence, both were gradually abandoned.

The dawn of DAPT
The rationale for DAPT consisting of aspirin and ticlopidine
was to reduce the risk of thrombotic complications as observed with
aspirin monotherapy without increasing bleeding as observed with
aspirin plus OAC.41 Ticlopidine was originally studied in the 1970s
for its analgesic and anti-inflammatory properties until it was unex-
pectedly found to have antithrombotic properties in rats. After
showing a reduction in ischaemic events among patients with un-
stable angina,42 ticlopidine started being widely used post-PCI, even
though its mechanism of action on the P2Y12 receptor was described
only in 2001.43

As prevention of ST was a clinical priority, intravascular ultra-
sound became a mainstay in the research of its causes and pos-
sible solutions.44–46 The causative role of stent underexpansion
was initially studied by Colombo et al., who demonstrated that
intravascular ultrasound-guided high pressure pre- and post-
dilation to optimize stent expansion and strut apposition was
strikingly effective in reducing the risk of ST among patients dis-
charged on aspirin alone or with ticlopidine.47 The safety and effi-
cacy of DAPT after PCI was further evaluated in the ISAR trial,
which randomized 517 patients to DAPT with aspirin plus ticlopi-
dine or anticoagulant therapy with intravenous heparin (for 5–
10 days), phenprocoumon and aspirin.48 The study reported a
75% risk reduction in the composite of cardiac death, MI or need
for surgical or percutaneous revascularization in the DAPT
group.48 Subsequently, the STARS trial definitely ushered in the
DAPT era by demonstrating that aspirin with ticlopidine was su-
perior to aspirin alone or with warfarin in reducing ischaemic
events at 30 days, albeit at the cost of more haemorrhagic compli-
cations with DAPT than with aspirin alone.49
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The rise of clopidogrel
With the widespread use of DAPT, ST was reported to occur in <1%
of patients undergoing coronary stenting and was no longer per-
ceived as a relevant issue, despite its potentially fatal sequelae.50

Nonetheless, the routine use of ticlopidine was encumbered by an
unfavourable adverse reaction profile, particularly bone marrow sup-
pression, in addition to gastrointestinal side effects and cutaneous
rashes.51 Clopidogrel, like ticlopidine, is an oral thienopyridine that
requires hepatic metabolism into a biologically active form to irre-
versibly inhibit the P2Y12 subunit of the platelet adenosine diphos-
phate receptor.52 Following observations indicating clopidogrel to be
at least as effective as ticlopidine and better tolerated, the CLASSICS
study randomized patients undergoing stent implantation to different
regimens of aspirin plus clopidogrel and aspirin plus ticlopidine.53 The
primary endpoint of major bleeding, neutropenia, thrombocytopenia
or treatment discontinuation was found to be significantly lower in
patients receiving DAPT with clopidogrel.53 Subsequent meta-
analyses also suggested a possible advantage in terms of ischaemic
complications, including mortality, with the use of clopidogrel, likely
due to increased patient compliance and faster onset of antiplatelet
effect achieved with a loading dose.54 The role of pretreatment with
a clopidogrel loading dose in patients undergoing PCI for non-ST-
elevation ACS and STEMI was further clarified by the PCI-CURE and
PCI-CLARITY studies, respectively, wherein pretreatment significant-
ly reduced ischaemic events without increasing major bleeding.55,56

Early-generation DES
By the beginning of the 21st century, PCI with stent implantation had
become the most popular method of coronary revascularization.57

Notwithstanding, rates of in-stent restenosis and repeat revasculari-
zation were still high. Between 2002 and 2004, DES that gradually
released cytostatic agents, namely sirolimus and paclitaxel, through a
durable polymer coating demonstrated superiority over bare metal
stent (BMS) in large-scale randomized trials by reducing restenosis
and target-vessel revascularization.58–60 DAPT was recommended
for 3 months after sirolimus-eluting stent placement and for 6 months
after paclitaxel-eluting stent placement,61,62 based on the protocol-
mandated antiplatelet regimen used in the trials conducted for mar-
keting approval.58–60 In the absence of any apparent drawbacks, DES
rapidly replaced BMS.

However, the honeymoon of DES ended early. Initial case reports
and observational registries reported alarming rates of late (>30
days) and very late (>1 year) ST, but evidence remained limited.63–65

The 2006 edition of the ESC scientific sessions—popularly renamed
the ‘ESC firestorm’—was the turning point in the history of early-
generation DES. Two meta-analyses66,67 and a randomized study68

presented in the same session demonstrated a higher risk of cardiac
death and MI with the use of early-generation DES compared to BMS
due to an increase in late and very late ST. It soon became clear that
the vast majority of these events occurred after DAPT was discontin-
ued.68,69 Several studies identified DAPT discontinuation as the
strongest predictor of ST.70,71 Accordingly, international guidelines
and regulatory bodies arbitrarily extended the recommended DAPT
duration after DES implantation to 1 year,72,73 with many authors
advocating for further prolongation in case of low risk of bleed-
ing.66,74 Hence, device thrombogenicity and need for prolonged

DAPT made patients with high thrombotic or bleeding risk unattract-
ive candidates for DES.74

Next-generation DES
The ESC firestorm led to a dramatic reduction in DES use and
boosted clinical research aimed at explaining this phenomenon.
While mechanisms of early ST were largely related to suboptimal
stent deployment for both DES and BMS, late and very late ST
showed unique and unexpected underlying causes, such as delayed
stent endothelialization, hypersensitivity reactions to polymer coating
and late strut malapposition (Figure 1).75–77 These findings prompted
the development of the next generation of DES, characterized by
thinner struts made of different metal alloys to preserve radial
strength, use of sirolimus (-analogues) and more biocompatible or
biodegradable polymers or even lack of polymers to modulate anti-
restenotic drug release.78–80 All these technological advancements
allowed for remarkable improvement in the safety of DES, thereby
reducing the need for prolonged DAPT, without compromising their
efficacy.81

Bioresorbable scaffold
The persistence of metallic material in coronary vessel walls repre-
sents—at least from a theoretical point of view—a fundamental
drawback of DES technology, leading to impaired vasomotor func-
tion, chronic local inflammation, negative arterial remodelling, sub-
optimal results of repeated PCI and preclusion of future bypass
surgery. Bioresorbable scaffolds (BRS) were developed to overcome
these limitations but have thus far failed to live up to expectations,
with trials showing an increased risk of MI and ST in patients treated
with BRS compared to next-generation DES.82,83 Such unexpected
and alarming findings have led to the market withdrawal of these
devices. The thicker and wider stent struts with the lower radial
forces increasing the risk of stent underexpansion and recoil have
been considered major contributors to the increased thrombogen-
icity of BRS. Studies also revealed that the majority of BRS throm-
bosis occurred while patients were off DAPT,83 highlighting the need
for prolonged DAPT regimens after PCI with current generation
BRS.

Balancing bleeding and
thrombosis: the sweet spot of
DAPT

Any ischaemic benefit achieved with intensification of antiplatelet
therapy is almost inevitably counterbalanced by a concomitant in-
crease in bleeding. Moreover, prolonging treatment duration and
adding or switching to more potent agents have not always translated
into a significant reduction in ischaemic events but have rather led, in
some occasions, to higher mortality and worse net clinical out-
comes.84 Contradictory findings have also been observed in landmark
trials with overall positive results that have changed contemporary
PCI practice. In the TRITON-TIMI 38 trial, each cardiovascular death
prevented by the use prasugrel was offset by an almost equivalent
number of fatal bleeding events prevented by the use of clopidog-
rel.85 Similarly, in the DAPT trial, continuing thienopyridines on top
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..of aspirin beyond 12 months after PCI was associated with higher all-
cause mortality as compared with placebo, despite a significant re-
duction in ischaemic events.86

Owing to the double-edged effect of antithrombotic therapies,
studies on this subject are often challenging to interpret. Commonly
used statistics to weigh the risks and benefits associated with an
antithrombotic regimen in randomized trials are the number of
patients to be treated to prevent one additional ischaemic event [i.e.
number needed to treat (NNT)] and its counterpart, the number of
patients to be exposed to the intervention to cause one additional
bleeding [i.e. number needed to harm (NNH)]. NNT and NNH are
simple and intuitive measures to evaluate the risk–benefit trade-off
and clinical relevance of the observed treatment effect, also in terms
of public health impact.

Selecting intensity of the P2Y12 inhibitor
Prasugrel was the next oral P2Y12 inhibitor to be tested in combin-
ation with aspirin among PCI patients. Prasugrel exerts a faster, stron-
ger and more consistent platelet inhibitory effect compared to
clopidogrel.87 Ticagrelor is another potent P2Y12 inhibitor that
belongs to a chemical class different than prasugrel and clopidogrel
and acts by reversibly binding to the P2Y12 receptor with a more
rapid onset and offset of action (Table 2).88 Prasugrel and ticagrelor

were tested against clopidogrel in separate large-scale randomized
trials involving ACS patients. Despite notable differences in terms of
study design and secondary outcome results, both drugs were associ-
ated with a reduction in the incidence of cardiovascular death, MI, or
stroke at the expense of a variable, albeit consistent, increase in
bleeding.89,90 Accordingly, guidelines state that in the absence of con-
traindications, patients presenting with ACS should receive DAPT
with either prasugrel 10 mg daily or ticagrelor 90 mg twice daily, with
the former reserved only for patients undergoing PCI.91,92

Contraindications to prasugrel include active bleeding disorders or
prior cerebrovascular events. Prasugrel is also generally discouraged
in patients with advanced age (>_75 years) or low body weight
(<60 kg); however, if prasugrel is decided upon in these patients, a
reduced dose (5 mg) is recommended on the basis of pharmacody-
namic data.93–95 Ticagrelor, on the other hand, has been traditionally
associated with more favourable safety but worse patient tolerability
compared with prasugrel. Ticagrelor increases plasma levels of ad-
enosine, which is possibly implicated in its common side effect of dys-
pnoea.96 Ticagrelor-related dyspnoea lead to drug discontinuation in
about 1 of every 15–20 patients, although lower drug dosages
(60 mg) may be associated with reduced occurrence.97,98 Transient
bradycardia secondary to a variable degree of atrioventricular block
is another distinct side effect of ticagrelor. Unlike low-dose prasugrel,

Figure 1 Key elements involved in the pathogenesis of stent thrombosis. Stent- and procedure-related factors, such as increased strut thickness,
overlapping stents, and stent malapposition or underexpansion, induce rheological alterations resulting in turbulent flow, increased shear stress, and
reduced strut endothelialization. These factors, together with inflammatory and hypersensitivity reactions to foreign material (i.e. metallic struts and
polymer), induce platelet activation and aggregation through several mediators, mainly released by platelets and endothelial cells. Created with
BioRender.com. ADP, adenosine diphosphate; NO, nitric oxide; PGI2, prostacyclin; TF, tissue factor; tPA, tissue plasminogen activator; TXA2,
thromboxane A2; vWF, von Willebrand factor.
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..ticagrelor 60 mg has been specifically evaluated in two large-scale
randomized placebo-controlled trials involving patients with stable
CAD at high ischaemic risk.97,98

Robust head-to-head comparisons between ticagrelor and prasu-
grel have been lacking for nearly a decade. The first attempt to com-
pare these two drugs in patients undergoing primary PCI led to
inconclusive results and premature study termination for futility.99 In
2019, results from the long awaited ISAR-REACT-5 trial became
available.100 Among 4018 ACS patients for whom an invasive strategy
was planned, prasugrel was associated with a significant 2.4% absolute
reduction in the composite rate of death, MI or stroke at 1 year com-
pared with ticagrelor without any apparent increase in bleeding com-
plications.100 Hence, the 2020 ESC guidelines on non-ST-elevation
ACS endorse the use of prasugrel in preference to ticagrelor among
patients who proceed to PCI.101 However, the mechanisms underly-
ing these remarkable findings remain poorly understood and several
caveats about ISAR-REACT-5 must be acknowledged: the open-label
design with the two treatments starting at different time points in

patients with non-ST-elevation ACS, the relatively high and unbal-
anced treatment non-adherence between study groups, and a lower
than anticipated event rate.102 Nonetheless, ISAR-REACT-5 raised
important questions about the current generalizability of previous
landmark trials conducted in subjects treated with obsolete PCI tech-
nologies; how the use of upstream P2Y12 inhibitor loading dose
impacts PCI outcomes; and if a single P2Y12 inhibitor is appropriate
for all ACS patients, including those medically managed.

In recent years, the array of P2Y12 receptor antagonists has broad-
ened to include novel parenteral agents. Among those, cangrelor is
the only one currently approved for intravenous use. As it does not
require bioactivation, cangrelor ensures almost immediate platelet in-
hibition by reversibly binding to the P2Y12 receptor.103 Given its
short plasma half-life of 3–5 min, the antiplatelet effect of cangrelor
lasts 30–60 min after the infusion is discontinued.103 In terms of inten-
sity of antiplatelet effect, pharmacodynamic data from STEMI patients
showed that cangrelor yields greater inhibition of platelet aggregation
than chewed and integral prasugrel in the first 30 min after treatment

....................................................................................................................................................................................................................

Table 2 Antiplatelet agents used in patients undergoing percutaneous coronary intervention

Drug Structure Primary

mechanism

of action

Prodrug Receptor

blockade

Onset of

action

Offset of

action

Route of

administra-

tion

Recommended

dose

Aspirin Salicylate COX-1 inhibition No Irreversible Nonenteric-

coated: <1 h

5–10 days Oral i.v. 150–300 mg orally

or 75–250 mg i.v. (LD)

Enteric-

coated: 3–4 h

75–100 mg daily (MD)

Ticlopidine Thienopyridine P2Y12 inhibition Yes Irreversible 2–4 days 10–14 days Oral 250 mg twice daily

Clopidogrel Thienopyridine P2Y12 inhibition Yes Irreversible 2–6 h 5–10 days Oral 300–600 mg (LD)

75 mg daily (MD)

Prasugrel Thienopyridine P2Y12 inhibition Yes Irreversible 0.5–4 h 7–10 days Oral 60 mg (LD)

10 mg daily (MD)

5 mg daily (RMD)

Ticagrelor Cyclopentyl-

triazolopyrimidine

P2Y12 inhibition No Reversible 0.5–2 h 3–5 days Oral 180 mg (LD)

90 mg twice daily (MD)

60 mg twice daily (RMD)

Cilostazol Quinolinone

derivative

PDE3 inhibition No Reversible 6 h 12–16 h Oral 100 mg twice daily

Vorapaxar Tricyclic himbacine

derivative

PAR1 inhibition No Reversible 2–7 days 4 weeks Oral 40 mg (LD)

2.5 mg daily (MD)a

Cangrelor ATP analogue P2Y12 inhibition No Reversible 2 min 30–60 min i.v. 30mg/kg (bolus)

4 mg/kg/min (infusion)

Abciximab Fab fragment of the

chimeric human-

murine mAb 7E3

GP IIb/IIIa inhibition No Irreversible 10 min 1–3 days i.v. 0.25 mg/kg (bolus)

0.125mg/kg/min (infusion)

Eptifibatide Cyclic heptapeptide GP IIb/IIIa inhibition No Reversible 5 min 4–8 h i.v. 180mg/kg (2 boluses

10 min apart)

2 mg/kg/min (infusion)

Tirofiban Non-peptide tyrosine

derivative

GP IIb/IIIa inhibition No Reversible <10 min 4–8 h i.v. 25mg/kg (bolus)

0.15mg/kg/min (infusion)

ATP, adenosine triphosphate; Fab, antigen-binding fragment; mAb, monoclonal antibody; COX, cyclooxygenase; GP, glycoprotein; PDE, phosphodiesterase; PAR, protease-
activated receptor; i.v., intravenous; LD, loading dose; MD, maintenance dose; RMD, reduced maintenance dose.
a2.5 mg of vorapaxar sulphate equivalent to 2.08 mg tablets of vorapaxar.
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initiation but not thereafter.104 Conversely, inhibition of platelet ag-
gregation was lower with cangrelor than with the GPI tirofiban at any
time point.104

The first two randomized placebo-controlled trials that evaluated
the clinical safety and efficacy of periprocedural cangrelor on top of a
clopidogrel loading dose in P2Y12 inhibitor-naive patients undergoing
PCI were prematurely terminated for futility.105,106 Although these
studies did not show any difference in the primary ischaemic end-
point, both reported significant reduction in ST with cangrelor.105,106

By contrast, in the CHAMPION PHOENIX trial, patients in the can-
grelor group were found to have significantly lower rates of 48-h
death, MI, ischaemia-driven revascularization or ST compared to pla-
cebo (4.7% vs. 5.9%, P= 0.005), with no increase in major bleeding.107

At present, the existing evidence is not considered sufficient to jus-
tify the routine use of cangrelor over standard loading dose of oral
agents in P2Y12 inhibitor-naive patients undergoing PCI. Nonetheless,
cangrelor is sometimes used off-label in high-risk ACS patients for
whom rapid and efficacious platelet inhibition is desirable or, in gen-
eral, when the oral uptake of commonly used P2Y12 inhibitors is ham-
pered. Furthermore, cangrelor may be used as bridging strategy in
patients undergoing surgery that requires perioperative DAPT dis-
continuation within 1 month of stent implantation.108,109 Additional
injectable agents for subcutaneous use are under clinical develop-
ment and have shown promising initial results.110

Tailoring duration of DAPT
Current guidelines provide a class IA recommendation for 6 months
of DAPT in patients with stable CAD undergoing DES implantation
and 12 months of DAPT for those with ACS.91,92 Dilemmas about
the ischaemia-bleeding trade-off with DAPT have led to a multitude
of randomized trials aimed at assessing its optimal duration after PCI
(Figure 2).111 It is noteworthy that both the design and findings of
these trials broadly reflected the concomitant evolution of stent
technology at the time they were conducted. While the scope of
studies investigating longer DAPT durations was generally to demon-
strate superiority in the prevention of ischaemic events, those evalu-
ating shorter regimens were conceived with a non-inferiority
hypothesis for ischaemic or, more often, net clinical benefit endpoints
that included bleeding as well.111 More recently, attention has shifted
towards tailoring antiplatelet treatment strategies according to indi-
vidualized ischaemic and bleeding risk assessment. To this end, there
has been a surge of risk scores to predict adverse events in patients
undergoing PCI (Table 3).112–114 Nonetheless, all risk scores are in-
trinsically influenced by the characteristics of the patient cohorts
used for their development, which often translates into a limited ex-
ternal validity.115,116 To overcome this limitation and guarantee con-
sistency in clinical research, an Academic Research Consortium
initiative proposed a consensus definition of high bleeding risk based
on the presence of well-recognized risk criteria.117

Studies evaluating patient subgroups with established risk factors
for ischaemia and/or bleeding have documented differing results with
prolonging or shortening DAPT.118–121 Post hoc analyses of random-
ized trial data have shown that patients undergoing complex PCI (i.e.
with lesions and procedural characteristics known to increase the
risk of stent-related adverse events) benefit more from longer DAPT
duration (>_12 months).122,123 Similar findings have been reported in
patients with an elevated thrombotic risk due to underlying

comorbid conditions such as peripheral artery disease.124,125 Hence,
guidelines state that prolonged DAPT may be considered in selected
patient subsets.91 By contrast, if bleeding risk prevails, shortening
DAPT to 3 and 6 months should be considered in stable and ACS
patients, respectively,91,92 with the possibility of being further cur-
tailed to 1 month in the former.91

The perceived lower thrombogenicity of BMS has long influenced
clinicians to favour this stent type in patients with a contraindication
to prolonged DAPT. Recently, investigators have leveraged the amel-
iorations in DES biocompatibility to demonstrate their superior
safety and efficacy over BMS even with an ultra-short (i.e. 1 month)
DAPT regimen.126,127 Hence, the European guidelines now advocate
for the use of next-generation DES irrespective of the intended
DAPT duration.91 However, the lack of randomized evidence com-
paring different antiplatelet regimens in patients at high bleeding risk,
together with the non-negligible rates of ST observed in short DAPT
trials,128 leaves uncertainty around the optimal management of these
patients. Assessing the harm–benefit trade-off of DAPT is even more
challenging in light of the frequent overlap between ischaemic and
bleeding risk factors. To this regard, it has been suggested that when
both high ischaemic and bleeding risks co-exist, the latter should be
prioritized and inform decisions on DAPT duration.129

Platelet function test and genotyping
Clopidogrel was originally approved by the Food and Drug
Administration in 1997 and still remains the most commonly used
P2Y12 inhibitor. However, it is also the antiplatelet drug associated
with the highest interindividual variability in terms of platelet re-
sponse,130,131 a phenomenon that can be ascribed to both genetic
(i.e. CYP2C19 *2 and *3 alleles polymorphisms)132,133 and clinical fac-
tors (e.g. drug–drug interactions, age, diabetes and renal insuffi-
ciency).134 Of note, genetic polymorphisms do not seem to affect the
antiplatelet efficacy of prasugrel or ticagrelor.135,136

There is a wide variety of available assays to monitor platelet func-
tion, each measuring specific aspects of platelet physiology.137 High
platelet reactivity (HPR) during treatment with P2Y12 inhibitors has
demonstrated strong predictive value for thrombotic events among
PCI patients, whereas low platelet reactivity identifies those more
prone to bleeding.138–140 The observation of a therapeutic window
of platelet reactivity levels wherein both thrombotic and bleeding
complications are minimized fostered investigations aimed at explor-
ing the clinical utility of platelet function tests (PFT) to guide the se-
lection of the P2Y12 inhibitor.139,141 Strategies involving PFT-guided
dose adjustment (e.g. from clopidogrel 75 to 150 mg) to overcome
impaired platelet response to clopidogrel were initially proposed but
turned out to be unsuccessful.142,143 These disappointing findings
have been attributed to a number of reasons, such as non-
standardized PFTs, varying definitions for HPR, inadequate patient se-
lection, ineffective therapeutic strategies, and improved safety and ef-
ficacy of next-generation DES. Adjunctive cilostazol, a reversible
phosphodiesterase 3 inhibitor with unique antiplatelet and vasodila-
tory properties, on top of DAPT with clopidogrel has also been con-
sidered to counter HPR.144 The therapeutic role of cilostazol has
been predominantly evaluated among East Asian patients owing to
their higher rates of clopidogrel non-responsivness.145 However, the
paucity of data in non-Asian populations, coupled with the relatively
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Figure 2 Evolving duration of antiplatelet therapy after percutaneous coronary intervention. BARC, Bleeding Academic Research Consortium;
BMS, bare metal stents; DAPT, dual antiplatelet therapy; DES, drug-eluting stent; ESC, European Society of Cardiology; PCI, percutaneous coronary
intervention; PES, paclitaxel-eluting stent; SES, sirolimus-eluting stent; ST, stent thrombosis; U.S. FDA, United States Food and Drug Administration.

....................................................................................................................................................................................................................

Table 3 Risk assessment tools for tailoring antiplatelet therapy after percutaneous coronary intervention

DAPT113 PARIS CTE112 PARIS MB112 PRECISE-

DAPT114

ARC-HBR117

Year of publication 2016 2016 2016 2017 2019

Development data set DAPT trial

(n= 11 684)

PARIS registry

(n= 4190)

PARIS registry

(n= 4190)

Pooled 8 RCTs

(n= 14 963)

Consensus definition

Study population Event free at

12 months post-PCI

Stable and ACS Stable and ACS Stable and ACS –

Ischaemic outcome MI or definite/prob-

able ST

MI or definite/prob-

able ST

– – –

Bleeding outcome GUSTO moderate or

severe

– BARC 3 or 5 TIMI minor or major BARC 3 or 5

Follow-up Between 12 and

30 months

2 year 2 years Median of 552 (IQR

365–725) days

–

Variable number 9 6 6 5 20 (14 major, 6 minor)

criteria

Score range �2 to 10 0 to 12 0 to 15 0 to 100 –

High score group >_2 >_5 >_8 >_25 >_1 major or 2 minor

criteria

Clinical use Identify patients who

derive the greatest

benefit over harm

from prolonged (vs.

short) DAPT

Predict risk of out-of-

hospital CTE

Predict risk of out-of-

hospital MB

Predict risk of out-of-

hospital MB

Identify patients with a

BARC 3 or 5 bleeding

risk >_4% and an intra-

cranial haemorrhage

risk >_1% at 1 year

BARC, Bleeding Academic Research Consortium; CTE, coronary thrombotic events; DAPT, dual antiplatelet therapy; GUSTO, Global Strategies for Opening Occluded
Coronary Arteries; IQR, interquartile range; MB, major bleeding; MI, myocardial infarction; RCT, randomized controlled trial; ST, stent thrombosis; TIMI, thrombolysis in myo-
cardial infarction.
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common side effects of cilostazol (i.e. headache, diarrhoea, dizziness,
and tachycardia), has limited its use worldwide.

Following the spread of potent P2Y12 inhibitors, PFT-guided strat-
egies were revised to evaluate the benefit of switching clopidogrel
with more potent agents such as prasugrel. Nevertheless, despite ini-
tial positive results from small randomized studies, large-scale trials
have consistently failed to show any benefit of a PFT-guided escal-
ation strategy.146,147 More recently, the potential advantages of a de-
escalation approach were suggested among ACS patients with an in-
dication to potent P2Y12 inhibitors in whom clopidogrel would still
guarantee adequate levels of platelet inhibition while reducing
bleeding complications and costs. Within this background, the
TROPICAL-ACS randomized trial enrolled 2610 ACS patients
undergoing PCI and found that PFT-guided de-escalation from prasu-
grel to clopidogrel was non-inferior to conventional treatment with
prasugrel in terms of both ischaemic and net clinical outcomes.148

From the patient perspective, however, PFT-guided management of
antiplatelet therapy may be challenging to implement.149 The high
variability in the results to define HPR status could potentially require
multiple switches between P2Y12 inhibitors and thus represent a
source of confusion.149 Genotype testing has therefore been sug-
gested to overcome this limitation of PFT.

The use of genotype testing to identify poor clopidogrel metabo-
lizers was first noted in a black box warning issued by the Food and
Drug Administration in 2010.150 Since then, however, evidence in
support of this practice has been confined to relatively small or non-
randomized studies.151–154 It was only last year that results from two
large-scale randomized trials became available.155,156 The POPular
Genetics trial found CYP2C19-guided de-escalation to clopidogrel to
be non-inferior to standard treatment with potent P2Y12 inhibitors
for the primary endpoint of net clinical benefit in 2700 patients
undergoing primary PCI.155 These positive findings were comple-
mented by the encouraging results of the TAILOR-PCI trial, which in-
stead tested an escalation strategy to ticagrelor in both ACS and
stable PCI patients.156

At present, the totality of evidence does not support the routine
use of PFT or genotyping to guide management of DAPT;91,92 how-
ever, their use may be appropriate in selected contexts such as ACS
patients with high ischaemic (i.e. DAPT escalation) or bleeding (i.e.
DAPT de-escalation) risk features.131 Risk scores integrating informa-
tion on CYP2C19 genotype and clinical factors that are known to af-
fect individual responsiveness to clopidogrel have been developed
for tailoring the intensity of P2Y12 inhibitor therapy.157 Yet, the vari-
able penetrance of genetic and environmental factors may significant-
ly curb the clinical performance of such risk assessment tools.158

Aspirin-free strategies: when less
is more

P2Y12 inhibitor monotherapy
Pharmacodynamic studies have questioned the incremental platelet
inhibitory effect of aspirin in the presence of potent P2Y12 inhibitors,
with clinical investigations even suggesting a potential attenuating role
of the aspirin maintenance dose in the treatment effect of DAPT with
ticagrelor.159,160 These observations led to the hypothesis that

prolonged monotherapy with a potent P2Y12 inhibitor (such as tica-
grelor) after a short course of DAPT could reduce ischaemic events
compared to standard DAPT followed by aspirin monotherapy.161

This strategy was first tested in an all-comers population of almost
16 000 patients undergoing PCI from the GLOBAL LEADERS trial
and showed a numerical, albeit non-significant, reduction in the com-
posite of death or Q-wave MI at 2 years in the experimental arm
(3.81% vs. 4.37%; P= 0.073).161 The nearly missed opportunity of
GLOBAL LEADERS can be attributed to several limitations including
an open-label design, lack of central adjudication, lower than
expected event rates and poor treatment adherence.162 The more
recent randomized, placebo-controlled TWILIGHT trial evaluated a
strategy of early aspirin discontinuation at 3 months after PCI among
high-risk patients being prescribed DAPT with ticagrelor.163 The trial
met its primary objective by demonstrating a significant reduction in
clinically relevant bleeding (4.0% vs. 7.1%; P< 0.001) without an in-
crease in thrombotic events (3.9% vs. 3.9%, P for non-inferi-
ority < 0.001) with ticagrelor monotherapy compared to ticagrelor
plus aspirin.163 Similar findings with ticagrelor monotherapy initiated
at 3 months post-PCI have also been reported in ACS patients.164

Two additional randomized studies seem to extend the potential
advantages of P2Y12 inhibitor monotherapy in reducing bleeding
without compromising antithrombotic efficacy to clopidogrel.165,166

Thus far, however, no such evidence exists for prasugrel monother-
apy, despite its more consistent antiplatelet effect and greater antith-
rombotic efficacy in ACS patients compared to clopidogrel and
possibly ticagrelor as well.85,99,135 In addition, a recent meta-analysis
suggested only a modest benefit of P2Y12 monotherapy over aspirin
monotherapy in reducing the risk of MI without a significant impact
on mortality in the setting of secondary cardiovascular prevention.167

In conclusion, aspirin is likely to remain a cornerstone of post-PCI
pharmacotherapy; however, the increasing enthusiasm around
aspirin-free strategies is justified by a growing body of clinical evi-
dence. Such an approach, however, should not be generalized to all
patients but rather be limited to the contexts in which it has been
studied.168 Additional considerations relating to cost-effectiveness,
treatment non-compliance and possible side effects of these agents
should be accounted for when selecting this treatment strategy.

Patients with atrial fibrillation
undergoing PCI
Most clinical trials on DAPT have traditionally excluded patients on
concomitant OAC therapy, resulting in a lack of data to inform their
optimal management after PCI. Before the advent of direct oral anti-
coagulants (DOACs), the only randomized evidence available was
derived from two relatively small trials suggesting potential harm with
prolonged triple antithrombotic therapy comprising of a vitamin K
antagonist and DAPT.169,170 However, results from multiple dedi-
cated studies on PCI or ACS patients with atrial fibrillation have be-
come available since 2016.171–174 Most of these trials found dual
antithrombotic therapy with a DOAC and P2Y12 inhibitor started
within few days (up to 2 weeks) of PCI to be effective in preventing
bleeding complications compared to regimens that included a vitamin
K antagonist, aspirin, and P2Y12 inhibitor, without an apparent in-
crease in ischaemic events.171–174 In keeping with these findings, ex-
pert consensus documents recommend that triple therapy be limited
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to the periprocedural period with a transition to dual therapy soon
after discharge, unless thrombotic risk features are predomin-
ant.175,176 In fact, as none of these studies were powered to detect
differences in ischaemic events, safety concerns about the routine
adoption of a dual antithrombotic regimen remain. Moreover, study-
level meta-analyses have reported signals of increased risk of MI and
ST with dual therapy and lack of benefit with respect to mortality
despite the large reduction in bleeding.177,178 It is therefore recom-
mended that a tailored approach be utilized in patients on OAC to
effectively push the ischaemia-bleeding trade-off of antithrombotic
therapy towards the desired direction according to individual risk fea-
tures. The 2020 ESC guidelines on atrial fibrillation recommend early
aspirin withdrawal (<_1 week) followed by dual therapy if concerns
about bleeding outweigh those of ST.179,180 In the opposite scenario,
triple therapy should be continued up to 1 month.179 Furthermore,
dual therapy with potent P2Y12 inhibitors may be considered as an al-
ternative to triple therapy with clopidogrel in patients with a moder-
ate to high risk of ST.180 Finally, given that different DOACs have
demonstrated varying risk-benefit profiles, it may be suggested that
the choice of the appropriate drug be part of the individualized ap-
proach, although evidence in this regard is uncertain and possibly
biased by trial design and other confounders.

Alternative pathways of platelet
inhibition: a new horizon

Recurrent adverse events generate the most concern, especially after
an ACS. Evidence of residual and sustained thrombotic risk in patients
with ACS steered research towards new possible therapies targeting
alternative pathways of platelet inhibition. The idea that a multi-
pronged approach towards platelet inhibition would lead to better
prevention of thrombotic events was based on previous experience
with DAPT compared to aspirin alone, or with the addition of GPIs.

Thrombin is the most potent platelet agonist and its plasma levels
have been shown to correlate with recurrent cardiovascular events
after an ACS.181 Thrombin mediates platelet activation mainly
through the PAR (protease-activated receptor) 1, and to a lesser ex-
tent via the PAR4.181 Vorapaxar, a competitive inhibitor of the PAR1,
has been tested on top of DAPT in patients with ACS (58% of whom
underwent PCI) with disappointing results, showing a non-significant
reduction in cardiac events and a disproportionate increase in bleed-
ing with a three-fold higher risk of intracranial haemorrhage.182

Blockage of thrombin generation is another way to inhibit platelet
activation. DOACs directly inhibit factor Xa or thrombin and have
shown to be at least as effective as and globally safer than vitamin K
antagonists in various clinical settings.183 The possibility of achieving a
more profound antithrombotic effect with the addition of DOACs
to antiplatelet therapy was tested in patients with ACS. Following the
positive results of the ATLAS ACS 2-TIMI 51 trial,184 guidelines state
that, in ACS patients at low bleeding and high ischaemic risk receiving
aspirin and clopidogrel, low-dose rivaroxaban 2.5 mg twice daily may
be considered.93 While similar studies conducted with other
DOACs led to overall negative results,185,186 mostly because of an
unacceptable excess in bleeding risk, a meta-analysis including six
randomized trials and almost 30 000 patients suggested that the effi-
cacy of DOACs on top of antiplatelet therapy may vary by ACS type,

with a risk–benefit profile more favourable in STEMI patients (NNT:
63, NNH: 96) than in those with non-ST-elevation ACS (NNT: 130,
NNH: 137).187

Given that many ischaemic and bleeding risk factors coincide, iden-
tifying the patient subgroups who will derive the greatest net benefit
from the use of intensified antithrombotic regimens remains a major
challenge. In general, patients at increased risk for bleeding should
not be considered for potent (or prolonged) drug combinations, re-
gardless of the concomitant ischaemic risk (Figure 3). Greater focus
on appropriate patient selection and treatment duration should guide
future randomized trials that aim to address these knowledge gaps
(Table 4).

Conclusions

Great strides have been made to optimize intra- and post-procedural
pharmacological management in the relatively short history of inter-
ventional cardiology, but there is still much to be accomplished.
Although better understood today, the struggle of finding the right
balance between maintaining efficacy of preventing ischaemic events
without incurring bleeding-related harm remains a relevant topic in
real-world practice. Individualized clinical judgement, now more than
ever, taking into account patient comorbidities, coronary anatomy as
well as the attributes of the different antithrombotic strategies will
yield the best outcomes.

Conflict of interest: R.M. reports institutional research grants
from Abbott Laboratories, Abiomed, Applied Therapeutics,
AstraZeneca, Bayer, Beth Israel Deaconess, Bristol-Myers Squibb,
CERC, Chiesi, Concept Medical, CSL Behring, DSI, Medtronic,
Novartis Pharmaceuticals, and OrbusNeich; consultant fees from

Figure 3 Proposed strategies for tailoring antithrombotic therapy
according to individual bleeding and ischaemic risk. ACS, acute cor-
onary syndrome; DAPT, dual antiplatelet therapy; mo, months; PFT,
platelet function test.
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Table 4 Ongoing randomized controlled trials on antithrombotic therapies after percutaneous coronary interven-
tion or acute coronary syndrome

Study name n Study population Study intervention(s) Primary outcome(s)

DAPT duration

MASTER DAPT (NCT03023020) 4300 HBR patients undergoing PCI

with the Ultimaster stent

• DAPT without OAC: 1 vs.

>_6 months
• DAPT with OAC: 1 vs.

>_3 months (then dual

therapy for 5 vs.

11 months)

NACE between 1 and

12 monthsa;

MACCE between 1 and

12 moa;

BARC 2, 3, or 5 bleeding

between 1 and 12 months

DUAL-ACS2 (NCT03252249) 19 519 Patients with ACS 3-month DAPT vs. 12-month

DAPT

All-cause mortality at

15 months

PARTHENOPE (NCT04135989) 2106 Patients undergoing PCI with

DES

2 � 2 factorial design:
• Personalized (3-, 6- or 24-

month) DAPT vs. standard

(12-month) DAPT
• Polymer-free (Cre8) DES

vs. biodegradable-polymer

(Synergy) DES

• Antiplatelet study: NACE

at 12 months
• Stent study: TLF at 12

monthsa

TARGET SAFE (NCT03287167) 1720 HBR patients undergoing PCI

with the Firehawk stent

1-month DAPT vs. 6-month

DAPT

NACE at 12 monthsa

DAPT intensity

SMART-ATTEMPT (NCT04014803) 3500 Patients undergoing elective

complex PCI with DES

12-month DAPT with prasu-

grel vs. 12-month DAPT

with clopidogrel

MACE at 12 months

TALOS-AMI (NCT02018055) 2590 Stabilized patients with acute

MI who underwent PCI

with DES

After 1-month DAPT with

ticagrelor, de-escalation to

DAPT with clopidogrel vs.

continued DAPT with

ticagrelor

NACE at 12 monthsa

TAILORED-CHIP (NCT03465644) 2000 High-risk patients undergoing

complex PCI

6-month DAPT with low-

dose ticagrelor followed by

6-month clopidogrel

monotherapy vs. 12-month

DAPT with clopidogrel

NACE at 12 months

Genotyping

GUARANTEE (NCT03783351) 3780 Patients undergoing PCI with

new-generation DES

CYP2C19 genotype-guided

DAPT with clopidogrel or

ticagrelor vs. standard of

care

MACCE at 12 months

P2Y12 inhibitor monotherapy

OPT-BIRISK (NCT03431142) 7700 ACS patients with high is-

chaemic and bleeding risk

who received a new-gener-

ation DES and 9–12

months of DAPT

After initial 9–12 months of

DAPT, 9 months of clopi-

dogrel monotherapy vs.

additional 9 months of

DAPT

BARC 2–5 bleeding at

9 months after

randomization

SMART-CHOICE 3 (NCT04418479) 5000 Patients at high ischemic risk

with prior PCI (>_12

months)

Clopidogrel monotherapy vs.

aspirin monotherapy

MACCE at 12 months

STOPDAPT-2 ACS (NCT03462498) 3008 ACS patients undergoing PCI

with the XIENCE stent

NACE at 12a and 60 months

Continued
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Table 4 Continued

Study name n Study population Study intervention(s) Primary outcome(s)

1-month DAPT followed by

clopidogrel monotherapy

vs 12-month DAPT

NEOMINDSET (NCT04360720) 3400 Patients undergoing PCI for

ACS

• Prasugrel (non-HBR): 12-

month monotherapy vs.

12-month DAPT
• Ticagrelor (HBR): 12-

month monotherapy vs.

>_6 DAPT

MACCE at 12 monthsa;

BARC 2, 3, or 5 bleeding

at 12 months

A-CLOSE (NCT03947229) 3200 Patients at high ischaemic risk

and event free for

12 months after DES

implantation

Clopidogrel monotherapy

from 12 to 36 months vs.

extended DAPT for

36 months

NACE between 12 and

36 months post-PCIa

IVUS-ACS and ULTIMATE-DAPT

(NCT03971500)

3486 Patients undergoing PCI for

ACS

2 � 2 factorial design:

(1) One-month DAPT fol-

lowed by ticagrelor

monotherapy for

11 months vs. DAPT for

12 months

(2) IVUS guidance vs. angi-

ography guidance

(1) Antiplatelet study:

BARC 2–5 bleeding;

MACCE between 1 and

12 monthsa

(2) Imaging study: TVF at

12 months

SMART-CHOICE II (NCT03119012) 1520 Patients undergoing PCI with

BRS and event free for

12 months

P2Y12 inhibitor monotherapy

with clopidogrel or low-

dose ticagrelor from 12 to

36 months vs. extended

DAPT for 36 months

MACCE between 12 and

36 months post-PCIa

Periprocedural antiplatelet therapy

DAPT-SHOCK-AMI (NCT03551964) 304 Patients with acute MI com-

plicated by cardiogenic

shock undergoing primary

PCI

Periprocedural cangrelor vs.

ticagrelor

MACCE at 30 days; peripro-

cedural inhibition of ADP-

induced platelet

aggregation

Concomitant OAC therapy

WOEST 3 (NCT04436978) 2500 Patients with ACS and atrial

fibrillation

Dual therapy with P2Y12 in-

hibitor for 12 months vs.

triple therapy with

12 months of P2Y12 inhibi-

tor and 1–12 months of

aspirin

Thromboembolic complica-

tions at 12 monthsa; ISTH

major or clinically relevant

non-major bleeding at

12 months

OPTIMA-3, 4 (NCT03234114) 3746 ACS patients with atrial fibril-

lation undergoing PCI with

DES

• Warfarin: triple therapy

for 1 month vs. 6 months
• Dabigatran 110 mg: 12-

month dual therapy with

ticagrelor vs. clopidogrel

Warfarin: MACCE at 12

months

Dabigatran 110 mg: ISTH

major bleeding at 12

months; MACCE at 12

months

aStudy intervention tested for non-inferiority.
ACS, acute coronary syndrome; ADP, adenosine diphosphate; BARC, Bleeding Academic Research Consortium; BRS, bioresorbable scaffold; DAPT, dual antiplatelet therapy;
DES, drug-eluting stent; HBR, high bleeding risk; ISTH, International Society of Thrombosis and Haemostasis; MACCE, major adverse cardiac and cerebral events; MACE, major
adverse cardiac events; MI, myocardial infarction; NACE, net adverse clinical events; OAC, oral anticoagulant; PCI, percutaneous coronary intervention; TLF, target-lesion fail-
ure; TVF, target-vessel failure.
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