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Stellingen:

1.   De variaties in het CYP2C19-gen zijn, voor nu, de enige relevante genetische variaties die 
routinematig getest zouden moeten worden bij het starten van trombocytenaggregatieremmers 
(dit proefschrift). 

2.   Een genotype-geleide P2Y12-inhibitor de-escalatie strategie is een veilige en kostene!ectieve 
manier om het bloedingsrisico van patiënten met een myocardinfarct te reduceren (dit 
proefschrift).

3.   De optimale gepersonaliseerde behandeling met duale trombocytenaggregatieremmers gaat 
verder dan rekening houden met genetische aanleg alleen, en bevat ook het verkorten van de 
duur van duale behandeling op basis van het bloedingsrisico (dit proefschrift)

4.   Algehele dekking van kosten van genetische testen door zorgverzekeraars, is essentieel voor 
een succesvolle implementatie van genotype-geleide medicamenteuze behandelingen in 
Nederland (dit proefschrift/valorisatie). 

5.   Het toepassen van een genotype-geleide strategie bij patiënten met stabiel coronairlijden is 
logisch en zou standaard zorg moeten worden. 

6.   Het pre-emptief testen van relevante CYP-polymor"smen zal de kwaliteit van de zorg 
verbeteren, en de lange termijn zorgkosten verminderen. 

7.   De huidige strikte privacywetgeving beschermt het individu, maar belemmert hoog kwalitatief 
populatie breed wetenschappelijk onderzoek.

8.   Genotype-geleide antiplaatjestherapie is geassocieerd met verbeterde klinische uitkomsten 
en minder bijwerkingen voor de patiënt, en vormt een belangrijke stap richting duurzame en 
betaalbare cardiovasculaire zorg.

9.   “The greatest scienti"c discovery was the discovery of ignorance”, Yuval Noah Harari (Homo 
Sapiens).

10.    “If people only talked about what they understood, Earth would be a very quiet place.”  
― Albert Einstein.
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Coronary artery disease (CAD) poses a signi!cant healthcare challenge, with over 60,000 patients 
admitted annually to Dutch hospitals due to an acute coronary syndrome (ACS), and approximately 40,000 
undergoing percutaneous coronary intervention (PCI).1,2 ACS is primarily caused by the obstruction of a 
coronary artery due to atherosclerotic plaque rupture or erosion and subsequent thrombus formation, 
leading to myocardial ischemia (Figure 1).3 When an atherosclerotic plaque ruptures, it exposes the 
subendothelial matrix, triggering the activation of platelets and the coagulation cascade.4 Platelet 
activation initiates a complex signalling process, leading to shape change, degranulation, and the 
release of secondary agonists such as adenosine diphosphate (ADP) and thromboxane A2, which further 
amplify platelet aggregation and promote the formation of a stable platelet plug.5 In ACS, the thrombus 
that forms is typically rich in platelets, distinguishing it from conditions such as deep vein thrombosis 
or pulmonary embolism, where !brin predominates.6 This underscores the critical role of platelets in 
the pathophysiology of ACS and highlights the importance of targeting platelet activation to prevent 
further ischemic events.7 As a result, the majority of patients are treated with dual antiplatelet therapy 
(DAPT), combining aspirin and a P2Y12-receptor inhibitor to reduce the risk of recurrent thrombotic 
complications.8 Aspirin inhibits thromboxane A2-mediated platelet aggregation, while a P2Y12-receptor 
inhibitor prevents ADP-mediated platelet activation.7,8

Figure 1. Pathophysiology of an acute coronary syndrome.
From CSL – Anatomy of a Heart Attack, by Nate Scharping | 05 Jul 2022

Historical Perspective on DAPT
The evolution of DAPT in cardiovascular care has been driven by key clinical trials that shaped current 
practice. The ISIS-2 trial, conducted in 1988, was the !rst to demonstrate the e"cacy of aspirin in 
reducing cardiovascular events compared to placebo in patients with suspected myocardial infarction 
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(MI), establishing it as the foundation of secondary prevention in patients with cardiovascular disease.9 
Clopidogrel later emerged as an alternative to aspirin in patients with cardiovascular disease, with the 
CAPRIE trial showing that clopidogrel was superior in reducing the risk of cardiovascular events.10 In 1996, 
ticlopidine plus aspirin (then called “combined antiplatelet therapy”) showed superiority over the use of 
anticoagulation plus aspirin in patients treated with a coronary stent, marking the start of the DAPT era.11 
The 2001 CURE trial further established the bene!ts of DAPT in ACS, combining clopidogrel with aspirin, 
demonstrating that this combination was more e"ective than aspirin alone in preventing recurrent 
ischemic events.12 Six years later, for the !rst time, it was recommended to add clopidogrel on top of 
aspirin for all non-ST-elevation ACS patients in the European Society of Cardiology (ESC) guidelines.13 
In subsequent years, newer P2Y12-receptor inhibitors—prasugrel and ticagrelor—were introduced, 
o"ering enhanced potency in inhibiting platelet activity. The TRITON and PLATO trials demonstrated that 
both prasugrel and ticagrelor, when combined with aspirin, were superior to clopidogrel in reducing 
ischemic events.14,15 Consequently, the 2011 ESC guidelines for patients with non-ST-segment elevation 
acute coronary syndrome recommended ticagrelor or prasugrel over clopidogrel, establishing these 
agents as the standard treatment for ACS patients, a practice that continues today.16

 This evolution in treatment, though bene!cial, also introduced a new challenge: the enhanced 
potency of these agents is associated with a higher risk of major bleeding. Despite the signi!cant 
22% reduction in all-cause mortality observed in ticagrelor-treated patients, the PLATO trial reported 
a signi!cant 19% relative increase in non-CABG-related major bleeding and a signi!cant rise in fatal 
intracranial bleeding events.13 Similarly, the TRITON study showed a signi!cant 32% increase in major 
bleeding with prasugrel compared to clopidogrel, without a bene!t in all-cause mortality.14 These 
!ndings underscore the need for a careful balance between reducing ischemic risk and minimizing 
the potential for bleeding complications in patients receiving DAPT. While the ischemic bene!ts of 
ticagrelor and prasugrel compared to clopidogrel are well-documented, it is crucial to recognize that 
these advantages may be signi!cantly overstated due to the pharmacogenetic e"ects of clopidogrel-
related polymorphisms.17,18

Pharmacogenetics and Drug Metabolism
Pharmacogenetics is the study of how genetic variations a"ect individual responses to drugs, particularly 
by in#uencing a drug’s pharmacokinetics or pharmacodynamics. These variations often impact the 
activity of cytochrome P450 (CYP450) enzymes, which are key mediators in the metabolism of many 
drugs, and include processes like oxidation, reduction, and hydrolysis.19 These enzymes either activate a 
drug by converting it into its active metabolite or deactivate it. The *1 allele represents the fully functional 
genotype, corresponding to the normal metabolizer (NM) phenotype, and serves as the reference point 
for identifying other genetic variants.20 Individuals with one (heterozygous) or two (homozygous) loss-
of-function (LOF) alleles, resulting in reduced or absent enzyme activity, are classi!ed as intermediate 
(IMs) or poor metabolizers (PMs), respectively. In contrast, rapid metabolizers (RMs), with one *1 allele 
and one gain-of-function allele, and ultra-rapid metabolizers (UMs), with two gain-of-function alleles, 
display elevated enzyme activity, accelerating drug metabolism.20,21 This can lead to faster conversion of 
drugs to either active or inactive metabolites, potentially impacting drug e$cacy and safety.
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Pharmacogenetics and Antiplatelet Therapy
Aspirin (acetylsalicylic acid) is metabolized by various enzymes, including UDP-glucuronosyltransferase 
1A6, CYP2C9, and N-acetyl transferase 2, but no clinically signi!cant associations between genetic 
polymorphisms and aspirin’s platelet reactivity or clinical outcomes have been established.22,23 In 
contrast, ticagrelor is a direct-acting drug, whereas clopidogrel and prasugrel, both thienopyridines, are 
prodrugs that require conversion by cytochrome P450 enzymes to their active metabolites.24 Ticagrelor’s 
metabolism involves CYP3A4/5, but no relevant genetic interactions with these enzymes have been 
identi!ed (Figure 2).25 For prasugrel, its metabolism is primarily mediated by CYP3A4 and CYP2B6, with 
minor contributions from CYP2C9 and CYP2C19.26 Polymorphisms in these enzymes have not been 
shown to cause signi!cant pharmacokinetic or pharmacodynamic variations in prasugrel, nor have they 
been linked to increased cardiovascular risk in treated patients.27,28

 Clopidogrel, however, presents a di"erent pharmacogenetic pro!le. Signi!cant inter-individual 
variability exists in clopidogrel’s pharmacokinetics and pharmacodynamics, with approximately 30% of 
patients exhibiting inadequate responses to the drug.29 The metabolism of clopidogrel involves several CYP 
enzymes (CYP2C19, CYP3A4/5, CYP1A2, CYP2B6, CYP2C9),  with CYP2C19 being the principal contributor 
in both steps of its biotransformation into the active metabolite (Figure 2).30 Although some studies have 
linked genetic variations in the CYP2C9 gene to an increased risk of stent thrombosis, their impact on clinical 
outcomes remains unclear.31,32 However, the impact of CYP2C19 LOF-alleles on clinical outcomes has been 
studied extensively. Carriers of CYP2C19 LOF-alleles have reduced enzyme activity, leading to impaired 
drug activation and lower levels of the active metabolite.18,26,28,33 As a result, these patients face an elevated 
risk of thrombotic events, including stent thrombosis.18,27,31,34 This may also apply to patients undergoing 
PCI treated with oral anticoagulation (e.g., due to atrial !brillation). In these patients, combination therapy 
with clopidogrel (i.e., known as dual antithrombotic therapy [DAT]) is recommended. However, there is lack 
of evidence regarding the impact of CYP2C19 polymorphisms in these patients.

Figure 2. Bioactivation processes of P2Y12 receptor antagonists.
With permission of Sage Publications, Weeks et al, 2015;20(4):370-377.
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Genotype de-escalation
In Europe and the United States, ticagrelor and prasugrel are the preferred P2Y12-receptor inhibitors 
due to their potent antiplatelet e!ects; however, this comes at the cost of an increased risk of bleeding. 
These bleeding events occur mainly in the "rst months after PCI and are associated with an increase 
in morbidity and reduced quality of life, underscoring the importance of minimizing bleeding risk 
without compromising e#cacy when prescribing DAPT.35–37 Some studies have even found that 
recurrent major bleeding events carry a mortality risk comparable to myocardial infarction.38,39 
Conversely, recent advancements have led to improved cardiovascular outcomes and a reduction in 
ischemic complications. These improvements stem from enhanced secondary prevention strategies, 
advancements in interventional techniques, and the development of new drug-eluting stents featuring 
thinner struts and biocompatible coatings.40 As a result, the risk of stent thrombosis and associated 
ischemic complications following PCI has signi"cantly decreased. Despite this progress in reducing 
ischemic risk, the bleeding risk after PCI remains unchanged.
 In antiplatelet therapy, escalation and de-escalation strategies aim to balance ischemic protection 
with bleeding risk. De-escalation involves reducing bleeding risk by shortening the duration of therapy, 
using less potent antiplatelet regimens or reducing drug dosage. In contrast, escalation strategies are 
most often used to enhance ischemic protection in high-risk individuals by intensifying antiplatelet 
treatment. Genotype-guided strategies build on this personalized approach by using a patient’s genetic 
pro"le to inform optimal antiplatelet selection and dosing from the outset. A genotype-guided de-
escalation strategy aims to reduce bleeding events without a!ecting e#cacy by transitioning patients 
from the more potent ticagrelor or prasugrel to clopidogrel in NMs.41 Conversely, an escalation strategy 
involves switching from clopidogrel to ticagrelor or prasugrel in IMs or PMs. The Popular Genetics trial 
evaluated a genotype-guided de-escalation approach in 2,488 patients undergoing primary PCI for 
STEMI.42 In this study, all patients received aspirin; and in the genotype-guided group, IMs and PMs 
were treated with ticagrelor or prasugrel (39%), while extensive metabolizers (EMs) were prescribed 
clopidogrel (61%). Patients in the control group were treated with ticagrelor per current guidelines. 
Genotype-guided P2Y12-receptor inhibitor treatment was initiated within 24 hours of randomization, 
resulting in a lower incidence of bleeding compared to standard care with prasugrel or ticagrelor (9.8% 
vs. 12.5%, HR 0.78, 95% CI 0.61 to 0.98). Importantly, there was no evidence of increased thrombotic 
events in the genotype-guided group.
 While these "ndings are promising, the implementation of such a strategy in clinical practice faces 
challenges.43,44 Additionally, it is uncertain whether the results from this randomized controlled trial can 
be extrapolated to real-world settings.
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OUTLINE OF THIS THESIS

This thesis focuses on personalized antithrombotic therapy and the implications of genetic 
polymorphisms on patient outcomes in cardiovascular care. In Part I the current landscape of 
personalized antiplatelet therapy is covered, with Chapter 2 providing a comprehensive overview of 
personalized antithrombotic therapy. This chapter covers both the value of measuring and monitoring 
platelet response and genotype-guided therapy, and their role in optimizing antiplatelet treatment. 
Chapter 3 reviews various genotype-guided antiplatelet strategies, examining recent !ndings and 
their potential impact on clinical practice. Chapter 4 covers the speci!c bene!ts of CYP2C19 genotype-
guided antiplatelet treatment in elderly patients with ACS, addressing the speci!c challenges and 
considerations in this population.

Part II of the thesis evaluates the impact of genetic polymorphisms in clinical research. Chapter 
5 explores the association between CYP2C9 polymorphisms and the risk of cardiovascular events in 
patients treated with clopidogrel, utilizing combined data from the POPular Genetics and POPular 
AGE trials. Chapter 6 focuses on the e"ects of CYP3A4*22 and CYP3A5 on clinical outcomes in patients 
treated with ticagrelor for ST-segment elevation myocardial infarction, presenting insights from a sub-
study of the POPular Genetics trial. Chapter 7 presents the results of an individual patient meta-analysis 
comparing various de-escalation strategies, including a genotype-guided strategy, with standard 
DAPT. Chapter 8 builds on this by focusing speci!cally on an individual patient data meta-analysis of 
the two largest randomized trials investigating genotype-guided strategies. Chapter 9 discusses the 
role of genetic testing in P2Y12-receptor inhibition in a distinct population of patients requiring oral 
anticoagulation after PCI, based on !ndings from the SWAP-AC-2 study. 

In Part III, the thesis addresses the clinical implementation of genotype-guided antiplatelet therapy. 
Chapter 10 reviews the insights gained from the FORCE-ACS registry regarding the clinical 
implementation of CYP2C19 genotyping in patients with ACS, highlighting the challenges, successes, and 
key implementation outcomes observed in practice. Chapter 11 evaluates the !rst clinical outcomes 
of the real-world implementation of a genotype-guided P2Y12-receptor inhibitor de-escalation strategy 
in ACS patients. Chapter 12 assesses the cost-e"ectiveness of implementing a genotype-guided de-
escalation strategy in ACS patients, providing valuable economic insights into this approach. Finally, 
Chapter 13 presents the impact of a genotype-guided P2Y12-receptor inhibitor de-escalation strategy 
on clinical outcomes in a large cohort, summarizing the !ndings and implications for future practice.
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SUMMARY

Antithrombotic drugs are frequently prescribed in patients with coronary artery disease, embolic stroke, 
or atrial !brillation to prevent thrombosis. However, patients vary widely in their response to these 
drugs. This interindividual variability can be a result of genetic variation in enzymes that play a role in 
drug metabolism, though it can also be a consequence of other patient characteristics. A personalized 
antithrombotic treatment accounts for this interindividual variability with the aim of optimizing the 
balance between the risk of bleeding and thrombosis. Personalization of antithrombotic therapy might 
be done by testing for genetic polymorphisms or measuring the patient’s response on treatment, 
both of which have their advantages and disadvantages. This chapter describes the di"erent ways 
that antithrombotic therapy can be personalized, provides the latest evidence for these strategies, and 
focuses on the treatment strategies with the most clinical impact.
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INTRODUCTION: PERSONALIZED ANTITHROMBOTIC THERAPY

Patients vary widely in their response to drugs. To a great extent this can be explained by genetic 
variation, though also di!erent patient characteristics, such as age, body-weight, kidney disease and 
diabetes mellitus, play a part in this.1 As this variable response can in"uence the e#cacy or safety of 
antithrombotic treatment, a personalized antithrombotic therapy could in theory optimize patient 
outcomes. Personalizing antithrombotic therapy can be done by testing for genetic polymorphisms 
or measuring the patients’ response on treatment. With vitamin-K antagonists, this is already standard 
of care, as the daily dose is based on the International Normalized Ratio (INR). Regarding antiplatelet 
therapy, personalizing treatment can be based on speci$c genetic polymorphisms or by platelet 
function testing (PFT) (see Figure 1). Although, there is a growing body of evidence suggesting that 
a personalized antiplatelet therapy can optimize patients outcomes, it is not (yet) routinely used in 
clinical care. In this chapter we provide the latest evidence, guideline recommendations and promising 
developments regarding the personalization of anticoagulants and antiplatelet therapy in patients with 
cardiovascular disease. 

Figure 1. Biotransformation and metabolization of the di!erent antithrombotic agents.
Antithrombotic therapy can be personalized by (1) using CYP2C19 genotype-guided therapy, which is the only 
genetic polymorphism for which a genotype-guided therapy is assessed in randomized clinical trials regarding 
clinical outcomes or (2) assessing the actual responsiveness to antithrombotic therapy by measuring the International 
Normalized Ratio (INR) or on-treatment platelet reactivity, which is in"uenced by various modi$able and non-
modi$able factors.

Pharmacogenetics
Pharmacogenetics is a $eld studying how variation in genes can a!ect a person’s response to drugs. 
Genetic polymorphisms are nucleotide changes in the reference sequence of a gene that occur in more 
than 1 percent of the population.2 These polymorphisms can in"uence a drug’s action by altering its 
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pharmacokinetics or pharmacodynamics, often caused by genetic variation in the drug-metabolizing 
cytochrome P450 (CYP450) enzymes. CYP450-enzymes play a major role in the phase 1 reactions 
(oxidation, reduction and hydrolysis) of drug metabolism, by either converting a drug to its active 
metabolite or de-activating an active metabolite. In pharmacogenetics, di!erent polymorphisms are 
indicated with di!erent labels, consisting of an asterisk (*) followed by an Arabic numeral, in which *1 
corresponds to a genotype with two standard copies of the normally functional allele, corresponding 
to the phenotype extensive metabolizers (EMs). Patients who carry one (heterozygous) or two 
(homozygous) loss-of-function (LOF) alleles leading to a reduced function of the enzyme are known as 
intermediate (IMs) or poor metabolizers (PMs), respectively (see Table 1).3

Table 1. CYP2C19 phenotypes, clopidogrel response and therapeutic recommendations

Metabolizer 
phenotype

Examples of 
CYP2C19

diplotypes

Response to  
clopidogrel

Therapeutic 
recommendation54

Classi!cation of 
recommendation  

(CPIC)54

Ultra-rapid 
metabolizer 
(UM)

*17/*17
Normal or increased 

antiplatelet response to 
clopidogrel

If considering 
clopidogrel, use at 

standard dose
Strong

Rapid 
metabolizer 
(RM)

*1/*17
Normal or increased 

antiplatelet response to 
clopidogrel

If considering 
clopidogrel, use at 

standard dose
Strong

Extensive 
metabolizer 
(EM)

*1/*1
Normal antiplatelet 

response to clopidogrel

If considering 
clopidogrel, use at 

standard dose
Strong

Intermediate 
metabolizer 
(IM)

*1/*2, *1/*3, 
*2/*17 or 

*3/*17

Reduced antiplatelet 
response to clopidogrel

Avoid standard dose 
clopidogrel. Use 

prasugrel or ticagrelor at 
standard dose if no

contraindication

Strong

Poor 
metabolizer 
(PM)

*2/*2, *2/*3 or 
*3/*3

Signi"cantly reduced 
antiplatelet response to 

clopidogrel

Avoid clopidogrel. Use 
prasugrel or ticagrelor
at standard dose if no

contraindication

Strong

Anticoagulants 
The di!erent oral anticoagulants can be divided into two groups, the vitamin K antagonists (VKAs) 
and the direct oral anticoagulants (DOACs), both primarily used to prevent thrombus formation in low 
shear stress environments (e.g. "brillating atria, veins). VKAs (such as acenocoumarol, phenprocoumon 
and warfarin) have both a high inter-individual and a high intra-individual variability, due to multiple 
signi"cant food and drug interactions, but their e!ectivity is also a!ected by di!erent genetic 
polymorphisms.4 Consequently, VKAs have a very narrow therapeutic window, which complicates 
dosing and necessitates frequent INR measurements. Especially the "rst month of VKA treatment is 
problematic as the therapeutic dose is empirically assessed, with further adjustments made on the basis 
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of trial-and-error, leading to possible over-or under-anticoagulation with associated potential bleeding 
or thrombotic events. There are many studies that have assessed the impact of genetic variations on VKA 
treatment.5 The genes with the strongest literature support are CYP2C9 and vitamin K epoxide reductase 
complex 1 (VKORC1), both associated with lower VKA dose requirements and even a higher risk of 
bleeding.6 CYP2C9 converts the active drug into inactive metabolites (see Figure 1). Polymorphisms in 
CYP2C9 can lead to high variations in dose response.7,8 Polymorphisms in the gene encoding VKORC1, 
which converts vitamin K into its active form and is inhibited by VKAs, also a!ects the inter-individual 
variability in warfarin dosing.9 In 2005, the "rst warfarin dosing algorithm was published, which included 
age, height and CYP2C9 and VKORC1 genotype.10 This led the US Food and Drug Administration (FDA) 
to modify the warfarin label to include the impact of CYP2C9 or VKORC1 polymorphisms on dosing 
in 2007, followed by an additional modi"cation including a pharmacogenetic-guided dosing scheme 
in 2010. Since then, multiple randomized clinical trials (RCTs) have evaluated the clinical bene"t of a 
personalised VKA strategy using pharmacogenetic algorithm-guided dosing compared to standard 
dosing strategies.11–15 A number of meta-analyses have been published showing that genotype-guided 
dosing improves the time within the therapeutic INR range.16–18 Moreover, the use of pharmacogenetics 
in VKA dosing may also reduce bleeding complications, however, not all study results are unequivocal on 
this.19–21 Altogether, a personalized pharmacogenetic algorithm can facilitate and improve daily dosing 
of VKAs, especially when initiating treatment. Hence, the Clinical Pharmacogenetics Implementation 
Consortium (CPIC) recommends to use these pharmacogenetic algorithms to calculate warfarin dosing.5

The newer DOAC (dabigatran, rivaroxaban, apixaban, and edoxaban) have a more convenient 
therapeutic window and do not necessitate routine coagulation monitoring, as opposed to VKAs.22 
Despite this, DOACs also have a notable inter-individual variability, which may be caused by genetic 
polymorphisms. Pharmacogenetic testing may help physicians in choosing the most appropriate DOAC 
treatment. However, currently the evidence is too scarce to recommend routinely genetic testing in 
patients treated with DOACs.23

Antiplatelet therapy
In patients with coronary artery disease (CAD) dual antiplatelet therapy (DAPT) with aspirin and a 
P2Y12 inhibitor (ticagrelor, prasugrel and clopidogrel) represents the cornerstone of medical therapy 
to prevent the recurrence of thrombotic events.24–27 Both ticagrelor and prasugrel have a more potent 
inhibitory e!ect on platelets, reducing thrombotic events when compared to clopidogrel in large 
RCTs.28,29 Accordingly, in patients with acute coronary syndrome (ACS), ticagrelor or prasugrel are 
recommended over clopidogrel in the guidelines.24,25 However, this bene"t regarding thrombotic events 
is counterbalanced by an increased bleeding risk.28,29 As the prognostic impact of a major bleeding event 
is comparable to a recurrent thrombotic event, reducing the bleeding risk without a!ecting e#cacy is 
an extremely important and valuable goal when prescribing DAPT.30–32
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Aspirin (acetylsalicylic acid) is metabolized by di!erent enzymes (e.g., Uridine diphosphate (UDP)-
glucuronosyltransferase 1A6, CYP2C9 and N-acetyl transferase 2), but so far no association between 
genetic polymorphisms and platelet reactivity or clinical outcomes has been demonstrated.33,34 
Ticagrelor is a direct-acting drug, whereas clopidogrel and prasugrel (both thienopyridines) are 
prodrugs that require cytochrome P450-based in vivo conversion to an active metabolite to irreversibly 
inhibit the P2Y12-receptor.35 The enzyme CYP3A4/5 plays a role in the metabolism of ticagrelor, but no 
clinically relevant interactions between ticagrelor and genetic polymorphisms are currently known.36,37 
Prasugrel is metabolized to its active metabolite primarily by CYP3A4 and CYP2B6, and to a lesser extent 
by CYP2C9 and CYP2C19.38 Common polymorphisms in CYP3A4, CYP2B6, CYP2C9 and CYP2C19 have 
not been related to relevant pharmacokinetic or pharmacodynamics changes, and carriers of these 
polymorphisms, treated with prasugrel, did not have an elevated risk of cardiovascular events.38–40 With 
clopidogrel it is a di!erent story, as there is a large inter-individual variability in pharmacokinetic and 
pharmacodynamic e!ects between patients treated with clopidogrel.41 As a consequence, 30% of 
patients do not adequately respond to treatment with clopidogrel.42 
Multiple CYP-enzymes play a part (CYP2C19, CYP3A4/5, CYP1A2, CYP2B6, CYP2C9) in the two-step 
conversion of clopidogrel to its active metabolite, however CYP2C19 is the main contributor in both 
steps (Figure 1).43 Carriers of CYP2C19 LOF-alleles have a dysfunctional CYP2C19-enzyme, resulting in an 
impaired metabolization of clopidogrel and, as a consequence, lower levels of the active metabolite.40 The 
prevalence of the CYP2C19 polymorphisms (*2 and *3)  is estimated to be ~25%, ~33% and ~55% in the 
Caucasian, African American and Asian populations, respectively.35,44,45 Multiple studies have con"rmed 
that carriers of CYP2C19 LOF-alleles have a decreased antiplatelet response and an increased prevalence 
of high platelet reactivity (HPR).46–51 Consequently, these patients are at higher risk for thrombotic events, 
including stent thrombosis.46,52 This prompted the US Food and Drug Administration (FDA) to add a 
Boxed Warning on the clopidogrel label in 2010 alerting patients and health care professionals that 
clopidogrel treatment is less e!ective in PM.53 

Clinical evidence for a genotype-guided antithrombotic therapy
This US Food and Drug Administration Boxed Warning was followed by multiple studies assessing the 
e#cacy and safety of a CYP2C19 genotype-guided strategy in patients with CAD.42,55–61 The various 
strategies can be distinguished into “de-escalation” or “escalation” of the P2Y12 inhibitor therapy. A de-
escalation strategy involves switching from the more potent drugs ticagrelor or prasugrel to the less 
potent clopidogrel in EMs, while escalation involves switching from clopidogrel to ticagrelor or prasugrel 
in IMs or PMs. De-escalation can be applied in patients with ACS, where current standard treatment 
is ticagrelor or prasugrel. Escalation of P2Y12 inhibitor therapy can be done in patients with chronic 
coronary syndrome (CCS) undergoing percutaneous coronary intervention (PCI), stroke or peripheral 
artery disease, where clopidogrel is standard care.

In patients with CAD, multiple randomized trials and non-randomized studies have provided evidence 
in support for genotyping. The largest randomized trials until now are the POPular Genetics and the 
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TAILOR-PCI studies.62,63 In the Popular Genetics trial a genotype-guided de-escalation strategy was 
assessed in 2,488 patients undergoing primary PCI for ST-segment elevation myocardial infarction 
(STEMI). In both groups all patients were treated with aspirin, however, in the genotype-guided group, 
IMs and PMs were treated with ticagrelor or prasugrel (39%), whereas EMs received clopidogrel (61%). 
Patients in the control group were treated with ticagrelor according to current guidelines. Genotype-
guided P2Y12 inhibitor treatment was initiated within 24 hours after randomization, and resulted in a 
lower bleeding incidence compared with standard care with prasugrel or ticagrelor (9.8 vs 12.5%, HR 
0.78, 95% CI 0.61 to 0.98, P = 0.04). There was no evidence for an increase in thrombotic events in the 
genotype-guided group.
 The TAILOR-PCI study randomized 5,302 patients undergoing PCI for ACS or stable CAD between 
a genotype-guided escalation strategy or conventional therapy.63 In the genotype-guided group, 
those identi!ed as CYP2C19 LOF carriers (IMs or PMs) were prescribed ticagrelor (31%), and noncarriers 
were prescribed clopidogrel (68%). This strategy was compared with a treatment of clopidogrel in the 
conventional therapy group. The primary analysis was undertaken in only those patients who were 
CYP2C19 LOF-carriers. There was no statistical di"erence in primary outcomes, regarding cardiovascular 
death, myocardial infarction, stroke, stent thrombosis, and severe recurrent ischemia at 12 months 
(HR, 0.66, 95% CI 0.43-1.02; P = 0.06), though the reduced event rates suggest a clinical bene!t with 
the genotype-guided therapy regarding thrombotic outcomes. There was no signi!cant di"erence 
in bleeding (TIMI major or minor bleeding) in the primary analysis cohort. Although the trial was 
underpowered to detect an e"ect size less than the pre-speci!ed expected 50% relative risk reduction, 
it showed promising results that o"ers support for the bene!t of a genetically-guided therapy. This 
was also supported by a post-hoc analysis for the !rst 3 months post-PCI, which demonstrated a HR of 
0.21 (95% CI 0.08-0.54), indicating that the genotype-guided therapy signi!cantly reduced thrombotic 
risk in the !rst months, generally the most vulnerable period, after PCI. Furthermore, when allowing for 
multiple events instead of a time-to-!rst event analysis, the genotype-guided therapy was superior to 
the conventional therapy (HR 0.60, 95% CI 0.41-0.89).
 These results are also backed-up by a meta-analysis including 15.949 patients with CAD, showing 
that carriers of a CYP2C19 LOF-allele (*2 or *3) had improved thrombotic outcomes when treated with 
ticagrelor or prasugrel as compared with those treated with clopidogrel.64 When ticagrelor or prasugrel 
were compared with clopidogrel in only wild-type patients (EM, *1/*1), clopidogrel had comparable 
e#cacy in the prevention of thrombotic events. These results are also consistent with previous large 
meta-analyses, which demonstrated that clopidogrel-treated patients undergoing PCI who are CYP2C19 
IMs or PMs have a higher risk for major adverse cardiovascular events (MACEs) and stent thrombosis 
compared with CYP2C19 EMs (*1/*1).65–69 Based on all this evidence, the CPIC recommends to avoid 
clopidogrel in CYP2C19 IMs and PMs and use an alternative antiplatelet agent, such as prasugrel or 
ticagrelor, if there are no contraindications.54 Despite this, a genotype-guided antiplatelet therapy is not 
yet recommended as standard care in patients with CAD: a genotype-guided de-escalation of P2Y12-
inhibition currently has a class IIb recommendation, and can be considered for ACS patients deemed 
unsuitable for potent platelet inhibition.25 
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Nevertheless, based on the growing base of evidence for a genotype-guided DAPT, some centers have 
implemented a genotype-guided strategy into their clinical practice.70 Their results are in line with 
previous meta-analyses, showing that CYP2C19 LOF-carriers treated with alternative therapy (ticagrelor 
or prasugrel) have a lower thrombotic risk when compared with clopidogrel, though the thrombotic risk 
is similar in those without a LOF-allele treated with clopidogrel compared to alternative therapy.

 Although most evidence for a genotype-guided antiplatelet treatment comes from trials 
conducted in patients with CAD, vascular disease is a universal pathophysiological phenomenon that 
does not adhere to the boundaries of a particular organ. Coherently, a meta-analysis has shown that 
also in patients with ischemic stroke or transient ischemic attack (TIA), carriers of CYP2C19 LOF-allele 
are at greater risk of stroke and of a composite of vascular events than non-carriers.71 These results are 
supported by clinical data from the CHANCE-2 trial, which was a RCT in 6,412 patients with acute ischemic 
stroke or TIA.72 The trial exclusively enrolled carriers of CYP2C19 LOF-alleles, and compared the e!ects of 
ticagrelor plus aspirin to standard-dose clopidogrel (75 mg/day) plus aspirin over 90 days. Compared 
with clopidogrel, ticagrelor-treated IMs and PMs experienced signi"cantly lower rates of stroke and 
major vascular events, without an increase in moderate or severe bleeding. However, ticagrelor was 
associated with higher rates of mild bleeding events.

 Genetic testing can thus be a valuable tool to aid clinical decision, allowing the optimal choice 
of P2Y12-inhibiting therapy. It also has the following advantages; there is no inter-assay variability: no 
variability of results over time; results are not in#uenced by extra-patient factors (e.g., timing of the test); 
and there is no need for the patient to be on treatment. However, genetic testing cannot account for 
other factors (both modi"able and non-modi"able) a!ecting the response on antithrombotic drugs 
(Figure 1), and might thus be less accurate in identifying patients with HPR. This can be overcome 
by the use of platelet function testing, which provides a direct measure of an individual’s response to 
P2Y12 inhibitors and automatically accounts for the in#uence on platelet reactivity of factors like co-
morbidities, age, gender and genetics.

PLATELET FUNCTION TESTING

Platelet function testing refers to di!erent ex-vivo methods aiming to test the ability of platelets to 
aggregate to each other in response to external aggregating agents. The assessment of PFT has found 
application in various clinical conditions, including transfusion medicine, identi"cation of patients with 
bleeding disorders and monitoring the response to antiplatelet treatment. In particular, monitoring the 
response of platelets to treatment with P2Y12 inhibitors has been evaluated by means of the reactivity of 
platelet aggregation in response to stimulation with adenosine diphosphate (ADP). The di!erent assays 
used for the ex-vivo assessment of platelet reactivity to ADP are classi"ed as point-of-care (VerifyNow, 
Multiplate, thromboelastography) and laboratory-based methods, such as measurement of vasodilator-
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stimulated phosphoprotein (VASP) phosphorylation using !ow cytometry73 and light transmission 
aggregometry (LTA). LTA is considered the gold standard method to investigate patients with suspected 
abnormalities of primary haemostasis, due to inherited or acquired defects of platelet function. This 
technique determines platelet aggregation percentage in platelet-rich plasma by measuring the increase 
in light transmission in response to the addition of a platelet agonist to the platelet suspension. However, 
several aspects of the LTA methodology have not been adequately standardized74 and this method is 
not routinely used for monitoring subjects on antiplatelet therapy.75 Regardless of the assay used, the 
response of platelet aggregation to ADP-stimulation has been classi"ed as high platelet reactivity (HPR), 
low-platelet reactivity (LPR) and optimal platelet reactivity (OPR)76, which is de"ned as the therapeutic 
window between LPR and HPR. HPR is associated with increased risk for thrombosis, while LPR is linked 
to higher risk for bleeding complications.77 Consequently, patients within the therapeutic window of 
platelet reactivity have the lowest risk for adverse events.73 The cut-o# values for this categorization 
are highly dependent on the assay used. Cut-o# values for HPR and LPR for the di#erent assays are 
summarized in Table 2.73

Table 2. De"nition of low- (LPR) and high- platelet reactivity (HPR) for di#erent ex-vivo assessment methods (point-of 
care: VerifyNow, Multiplate Analyzer and Thromboelastography) and laboratory-based methods using !ow-cytometry 
(measurement of VASP phosphorylation) and light transmission aggregometry (LTA).

Assay LPR HPR

VerifyNow P2Y12 85 PRU 208 PRU

Multiplate Analyzer 18 U 46 U

Thromboelastography (TEG) 31 mm 47 mm

Measurement of VASP phosphorylation 16% PRI 50% PRI

Light transmission aggregometry (LTA) NA $ 70%

HPR: high platelet reactivity; LPR: low-platelet reactivity; PRI: platelet reactivity index; PRU: platelet reactivity units; 
VASP: Vasodilator-stimulated phosphoprotein.

Platelet function testing as predictor of events 
Current guidelines for antithrombotic therapy in patients undergoing PCI recommend the 
implementation of DAPT consisting of aspirin and a P2Y12 inhibitor for 1 to 12 months.25,78,79 However, 
treatment with all currently available P2Y12 inhibitors has been associated with an increased risk for 
bleeding complications.28,29,80–82 Moreover, both ischaemic and bleeding events are key counterparts 
determining the overall patient survival.83 Therefore, an e#ort to minimize both complications in PCI-
treated patients is an important goal in modern cardiology.24,84 Monitoring platelet reactivity during 
treatment with P2Y12 inhibitors has been shown to be an important predictor of both bleeding and 
ischaemic complications, as HPR has been linked to a greater risk for ischaemic complications, while 
LPR has been associated with a higher incidence of bleeding events.77 In a meta-analysis combining the 
results of 17 observational and randomized studies with inclusion of more than 20,000 patients, Aradi et 
al. demonstrated that, compared with OPR, HPR was associated with a 2.7-fold higher risk for de"nite or 
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probable stent thromboses (weighted relative risk [RR] 2.73; 95% CI 2.03 – 3.69; P < 0.001).76 There was no 
signi!cant advantage of LPR compared to OPR with respect to stent-thromboses (RR 1.06; 95% CI 0.68 
– 1.65; P = 0.78). However, LPR was associated with a 1.7-fold increased risk for clinically relevant major 
bleeding complications, de!ned as TIMI major or BARC type ≥2 bleeding events (RR 1.74; 95% CI 1.47 
– 2.05; P <0.001).76 HPR compared to OPR further decreased the bleeding events by 16% (RR 0.84; 95% 
CI 0.71 – 0.99; P = 0.04). However, it is important to note that, compared with OPR, HPR was associated 
with higher mortality (RR 1.54; 95 % CI 1.22 – 1.94; P < 0.001), while there was no signi!cant di#erence 
between LPR and OPR (RR 1.03; 95% CI 0.76 – 1.40) with respect to all-cause mortality. Based on these 
results it can be concluded that a platelet reactivity within the therapeutic window warrants the lowest 
rate of ischaemic events and bleeding complications. 

PFT-guided escalation in clinical trials
Current guidelines recommend treatment with DAPT based on a potent P2Y12 inhibitor (prasugrel or 
ticagrelor) in patients with ACS undergoing PCI25,78 and a DAPT therapy with clopidogrel in patients 
undergoing elective PCI because of stable CAD.26 Based on the results of previous studies and meta-
analyses, the reasonable hypothesis was formulated that PFT-guided DAPT escalation from clopidogrel 
to a potent P2Y12 inhibitor (prasugrel or ticagrelor) or de-escalation from a potent P2Y12 inhibitor 
to clopidogrel could improve outcomes by reducing both ischaemic and bleeding complications. 
The concept of PFT-guided escalation of DAPT refers to upgrading P2Y12 inhibitor from clopidogrel 
to prasugrel or ticagrelor in patients with stable CAD undergoing elective PCI exhibiting HPR on 
clopidogrel. Although this assumption sounds reasonable, none of the major trials testing this 
hypothesis succeeded in meeting their primary endpoints. The GRAVITAS trial (Gauging Responsiveness 
With a VerifyNow Assay—Impact on Thrombosis and Safety)85 was the first major randomized trial in the 
field of PFT-guided treatment. In this trial high-dose clopidogrel, instead of a potent P2Y12 inhibitor, was 
used as an escalated regimen. The trial failed to show a benefit of this specific strategy over standard-
dosed clopidogrel. The TRIGGER-PCI trial (Testing Platelet Reactivity in Patients Undergoing Elective 
Stent Placement on Clopidogrel to Guide Alternative Therapy With Prasugrel),86 which tested prasugrel 
for PFT-guided treatment escalation in patients undergoing elective PCI, was stopped prematurely 
because of futility. Finally, the ARCTIC trial (Assessment by a Double Randomization of a Conventional 
Antiplatelet Strategy Versus a Monitoring-Guided Strategy for Drug-Eluting Stent Implantation and of 
Treatment Interruption Versus Continuation One Year After Stenting), which used high-dose clopidogrel 
or short acting intravenous glycoprotein IIb/IIIa inhibitors or prasugrel (in less than 10% of patients) as 
escalated antiplatelet regimens also failed to show a bene!t of escalated DAPT vs clopidogrel.87 The 
current ESC-guidelines recommend a non-guided escalation strategy (Class of recommendation IIb, 
Level of evidence: C; Figure 2) from clopidogrel to prasugrel or ticagrelor in speci!c high-risk situations 
of elective PCI, like suboptimal stent deployment or a complex-PCI procedure (C-PCI). A PFT-guided 
approach, although not tested in large, randomized trials, might be bene!cial in this setting. In a recently-
published registry-based analysis of long-term outcomes in patients undergoing elective chronic total 
occlusion PCI, HPR (de!ned as LTA ≥ 70%) on clopidogrel not being escalated to a potent P2Y12 inhibitor 
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was associated with a higher 3-year cardiac mortality rate compared to patients with OPR on clopidogrel 
(16.8 ± 3.8% vs 4.7 ± 0.8%; P < 0.001). Whether patients undergoing elective C-PCI can bene!t from a 
PFT-guided escalation from clopidogrel to a potent P2Y12 inhibitor should be further evaluated in future 
randomized-controlled trials. 

PFT-guided de-escalation in clinical trials
De-escalation of antiplatelet therapy from potent P2Y12 inhibitors to clopidogrel in patients with 
ACS undergoing PCI is common in everyday clinical practice and is mainly attributed to bleeding and 
non-bleeding complications, as well as socio-economic factors.88 It is estimated that the prevalence of 
unplanned in-hospital de-escalation ranges from 5 to 14%, with an additional 5 to 8% of unplanned de-
escalation taking place after hospital discharge.84 Moreover, the clinical utility of planned de-escalation 
of potent P2Y12 inhibitors to clopidogrel in patients with ACS undergoing PCI has been tested in three 
randomized clinical trials. In the Popular Genetics trial a genotype-guided de-escalation strategy was 
assessed (see above).62 The randomized TOPIC trial (Timing of Optimal Platelet Inhibition After Acute 
Coronary Syndrome) showed that, in patients who have been event-free for the !rst month after an 
ACS on a combination of aspirin plus a potent P2Y12 inhibitor, de-escalation to aspirin plus clopidogrel 
was associated with reduced bleeding complications.89 This study did not show any di"erences in 
thrombotic events between treatment groups. However, given the limited size of the trial (N = 646) 
this result should be interpreted cautiously. The TROPICAL-ACS trial (Testing Responsiveness to Platelet 
Inhibition on Chronic Antiplatelet Treatment for ACS) was a larger trial, which randomized 2610 patients 
with ACS undergoing PCI to either standard treatment with prasugrel for 12 months or a de-escalation 
regimen (1 week of prasugrel followed by 1 week of clopidogrel and PFT–guided maintenance therapy 
with clopidogrel or re-escalation to prasugrel from day 14 after hospital discharge to month 12).90 Taking 
into consideration the results of the above mentioned trials, recent practice guidelines have been 
updated with a Class IIb (Level of Evidence A) recommendation for a guided (based on PFT or CYP2C19 
genotyping) DAPT de-escalation strategy, which may be considered as an alternative DAPT strategy, 
especially for patients with ACS, deemed unsuitable for 12-month potent platelet inhibition8 (Figure 2). 
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Figure 2. Guideline based recommendations for therapy with P2Y12 inhibitors in patients with stable coronary artery disease 

undergoing elective PCI26 and patients undergoing PCI because of an acute coronary syndrome.25,78

The bottom panel illustrates the recommendations for non-guided escalation in patients undergoing complex PCI 
(C-PCI) procedures and guided de-escalation based on the results of platelet function testing (PFT) or CYP2C19-
genotyping.

Guided selection of antiplatelet therapy: an appraisal
As discussed above, multiple trials have tried to optimize clinical outcomes by tailoring the P2Y12 
inhibitor through a genotype- or PFT-guided strategy. However, most of these studies were not powered 
for hard e!cacy outcomes and did not provide unequivocal results. To overcome the limitation of a lack 
of power, a meta-analysis by Galli et al. was performed to assess the safety and e!cacy of guided versus 
standard selection of antiplatelet therapy in patients, both with CCS and ACS, undergoing PCI.91 In this 
analysis, including 11 RCTs and more than 20,000 patients, guided selection of antiplatelet therapy was 
associated with a reduction of major adverse cardiovascular events (MACE) compared with standard 
therapy. In addition, guided antiplatelet therapy also resulted in a reduction of individual e!cacy and 
safety outcomes, like cardiovascular death, myocardial infarction, stent thrombosis, stroke and minor 



PERSONALIZED ANTITHROMBOTIC THERAPY: MEASURING INDIVIDUAL VARIATION AND MONITORING

33

2

bleeding. The results were consistent, independent of the test used for guided selection of therapy 
(PFT vs genetic testing). Outcomes di!ered according to the strategy used. An escalation strategy was 
associated with a reduction in ischaemic events without an increase in bleeding, and a de-escalation 
strategy with a reduction in bleeding, without an increase in ischaemic events. Nevertheless, in the 
speci"c setting of ACS physicians may still favour potent P2Y12-inhibition, on the one hand due to 
evidence in support of their use by the large-scale pivotal RCTs28,29, and on the other hand since guided 
selection requires implementation of additional (costly) testing at their local site. However, in a more 
recent network meta-analysis by Galli et al. the safety and e#cacy of guided versus standard selection 
of antiplatelet therapy was assessed in patients with ACS only, which included 15 RCTs and more than 
60,000 patients with ACS.92 In this analysis clopidogrel was used as the reference treatment. Compared 
with ticagrelor and prasugrel, a guided antiplatelet approach was the only strategy associated with 
a reduction in MACE without any signi"cant trade-o! in any bleeding, demonstrating that a guided 
selection of P2Y12-inhibition is the strategy with the most favourable balance between safety and 
e#cacy. A guided strategy may also be preferred to standard therapy from an economic perspective. 
Multiple cost-e!ectiveness analyses have demonstrated that, by improving outcomes and reducing 
costs due to the more frequent use of clopidogrel (especially in the setting of ACS), guided selection of 
antiplatelet therapy can be a cost-e!ective strategy.93–95

PERSPECTIVE

Currently, a personalized antithrombotic therapy is not (yet) recommended as standard care in the 
guidelines; however, it can be de"nitely of great value in selective scenarios. For escalation of P2Y12-
inhibition, these could be scenarios in which thrombotic risk outweighs bleeding risk. Examples 
include left main coronary artery stenting, complex lesions, bifurcation PCI, prior stent thrombosis, For 
de-escalation strategies, this would include scenarios where patients are at increased risk of bleeding 
or have experienced bleeding complications. Thus, when personalizing antithrombotic therapy, the 
patient should be central, taking into consideration various clinical, angiographic, procedural, and socio-
economic variables before opting for a speci"c strategy. If a guided antiplatelet strategy is implemented, 
the choice between PFT and genetic testing may depend on the availability of tests and local experience. 
In general, it is recommended to use point-of-care assays instead of laboratory-based assays. Ultimately, 
as evidence on PFT- and genotype-guided therapy is increasing over the years, with ongoing trials 
probably further re"ning the existing evidence, a personalized antithrombotic therapy could become 
the standard of care in patients undergoing PCI in the future. 
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What’s New
• In this chapter we provide the latest evidence regarding precision medicine in antithrombotic 

therapy, based on pharmacogenetics or/and platelet function testing.
• A genotype-guided antithrombotic therapy focuses on identifying common genetic 

polymorphisms that might in!uence the antithrombotic e"ect exerted by oral anticoagulants and 
antiplatelet medication. As far, CYP2C19 polymorphisms are the only genetic variations, for which, 
a genotype-guided therapy has been tested in clinical trials with respect to clinical outcomes in 
patients with acute coronary syndrome.

• A recent network meta-analysis demonstrated that compared to ticagrelor and prasugrel, a guided 
antiplatelet approach (based on platelet function testing or CYP2C19 genotyping) was associated 
with a reduction in major adverse cardiovascular events without a signi!cant increase in bleeding 
complications.

Guideline Recommendations
• The Clinical Pharmacogenetics Implementation Consortium recommends avoiding clopidogrel 

in CYP2C19 intermediate or poor metabolizers in order to prevent major adverse cardiovascular 
events and stent thrombosis and use an escalated P2Y12 inhibitor, such as prasugrel or ticagrelor.

• A platelet reactivity within the therapeutic window warrants the lowest rate of ischaemic events 
and bleeding complications.

• The current ESC-guidelines recommend a non-guided escalation strategy (Class of recommendation 
IIb, Level of evidence: C) from clopidogrel to prasugrel or ticagrelor in speci#c high-risk situations of 
elective percutaneous coronary intervention.

• A guided de-escalation of P2Y12-inhibition from prasugrel or ticagrelor to clopidogrel, based 
on platelet function testing or CYP2C19 genotyping, can be considered in patients with acute 
coronary syndrome deemed unsuitable for treatment with potent platelet inhibitors (Class IIb 
recommendation, level of Evidence A).

Drug Doses
• Aspirin: loading dose (LD) of 150-300 mg orally or 75-250 mg intravenous if oral ingestion is not 

possible, followed by oral MD of 75-100 mg once daily (o.d.)
• Clopidogrel: LD of 300-600 mg orally, followed by a (MD) of 75 mg o.d., no speci#c dose adjustment 

in chronic kidney disease (CKD) patients.
• Prasugrel: LD of 60 mg orally, followed by a MD of 10 mg o.d. In patients with body weight <60 kg, 

a MD of 5 mg o.d. is recommended. In patients aged >_75 years, prasugrel should be used with 
caution, but a dose of 5 mg o.d. should be used if treatment is. deemed necessary. No speci#c dose 
adjustment in CKD patients. Prior stroke is a contraindication for prasugrel.

• Ticagrelor: LD of 180 mg orally, followed by a MD of 90 mg b.i.d., no speci#c dose adjustment in 
CKD patients.
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What’s next
• Currently, a personalized antithrombotic therapy is not recommended as standard care in the 

guidelines; however, it can be of great value as escalation strategy in patients with high thrombotic 
risk or as de-escalation strategy in patients in which bleeding risk overweighs thrombotic 
risk. As evidence on PFT- and genotype-guided therapy is increasing over time, a personalized 
antithrombotic therapy could become the standard of care in patients undergoing PCI in the future.
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ABSTRACT

The clinical e!cacy and safety of antiplatelet agents vary among patients. Consequently, some patients 
are at increased risk of recurrent ischemic events during treatment. This interindividual variability can be a 
result of genetic variants in enzymes that play a role in drug metabolism. The "eld of pharmacogenomics 
explores the in#uence of these genetic variants on an individual’s drug response. Tailoring antiplatelet 
treatment based on genetic variants can potentially result in optimized dosing or a change in drug 
selection. Most evidence supports guiding therapy based on the CYP2C19 allelic variants in patients with 
an indication for dual antiplatelet therapy. In ticagrelor-treated or prasugrel-treated patients, a genotype-
guided de-escalation strategy can reduce bleeding risk, whereas in patients treated with clopidogrel, 
an escalation strategy may prevent ischemic events. Although the clinical results are promising, few 
hospitals have implemented these strategies. New results, technological advancements, and growing 
experience may potentially overcome current barriers for implementation in the future.

Central Illustration. Therapeutic Recommendations for Genotype Guided Antiplatelet Therapy in Patients with 
Coronary Artery Disease. 
This #ow diagram outlines the therapeutic recommendations for acute coronary syndrome (ACS) patients and 
chronic coronary syndrome (CCS) patiensts undergoing percutaneous coronary intervention (PCI) based on current 
guidelines. For ACS patients, the initial treatment determines if a genotype-guided de-escalation or escalation 
strategy is advised. Special considerations below illustrate the settings where each strategy o$ers the highest value.
1 

Based on a Class IIb Level of Evidence A recommendation in the 2020 ESC Guidelines for the management of ACS in patients presenting without 
persistent ST-segment elevation

 

2 

Recommendation is classi"ed as strong
3 

Based on a Class IIb recommendation (weak)
4 

Based on the 2017 ESC focused update on dual antiplatelet therapy in coronary artery disease and 2017 International Expert Consensus on Switching 
Platelet P2Y12 Receptor Inhibiting Therapies 
ESC, European Society of Cardiology; NM, normal metabolizers; IM, intermediate metabolizers; PM, poor metabolizers; CPIC, Clinical Pharmacogenetics 
Implementation Consortium; DPWG, Dutch Pharmacogenetics Working Group; ACC/AHA, American College of Cardiology/American Heart Association 
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INTRODUCTION

Individuals exhibit signi!cant variations in their response to drugs. The !rst observation of this 
phenomenon dates back to Pythagoras (510 B.C.), who noted that ingestion of fava beans caused 
a potentially fatal reaction in certain individuals, while others remained una"ected.1 Later, it was 
revealed that this discrepancy resulted from a de!ciency in glucose-6-phosphate dehydrogenase, 
leading to haemolytic anaemia. Many years later in 1959, Dr. Vogel was the !rst to coin the term 
“pharmacogenetics”, to describe the relationship between genetic factors and response to medications. 
This variable response also a"ects the e#cacy and safety of antiplatelet treatment.2 Despite adequate 
treatment, a considerable number of treated patients will continue to incur a new ischemic event.3 
Although recurrent ischemic events have a multifactorial cause, certain antiplatelet drugs are heavily 
in$uenced by genetic sequence variants, signi!cantly impacting their clinical e#cacy.4 On the other 
side, antiplatelet therapy elevates the risk for bleeding, an adverse e"ect with unfavourable prognostic 
implications, including increased mortality.5,6 Tailoring antiplatelet therapy to a patient’s genotype may 
mitigate the associated thrombotic and bleeding risk.7

 In recent years, the !eld of pharmacogenetics has advanced from discovery to clinical 
implementation. It not only deepens our understanding of interindividual heterogeneity in drug 
e"ectiveness and safety, but, through its application in clinical trials, has shown its potential for 
personalised treatment, resulting in optimal therapy and reduced risk of adverse drug events.8 In this 
review, we explore the clinical utility of pharmacogenetics in decision-making for antiplatelet therapy, 
encompassing the most recent evidence and future prospects.

Antiplatelet therapy
Dual antiplatelet therapy (DAPT) with aspirin and a P2Y12 inhibitor is the standard of care after 
percutaneous coronary intervention (PCI) and acute coronary syndrome (ACS).9 Current guidelines 
recommend the use of a P2Y12 inhibitor with more potent platelet inhibitory e"ects (i.e., prasugrel 
or ticagrelor) over clopidogrel in patients with ACS, while clopidogrel is preferred in chronic coronary 
syndrome (CCS).10–12 Ticagrelor and prasugrel exhibit more potent and consistent antiplatelet e"ects 
compared to clopidogrel. While both ticagrelor and prasugrel are metabolized by various cytochrome 
P450 (CYP-)enzymes, as of now, no genetic variants have been identi!ed that signi!cantly impact their 
antiplatelet e"ects, clinical e#cacy or safety (Figure 1).13–15 Clopidogrel is a prodrug that requires a two-
step oxidation process by multiple CYP-enzymes to become active, of which CYP2C19 has the greatest 
contribution (Figure 1, Table 1). Patients who are rapid metabolizers (*1/*17) or ultra-rapid metabolizers 
(*17/*17) have increased active metabolite formation, although there is no association with bleeding 
risk when these phenotypes are compared to normal metabolizers.16 Patients with one (intermediate 
metabolizers) or two (poor metabolizers) *2 or *3 alleles have reduced active metabolite formation.17 
Given that the frequency of CYP2C19 loss-of-function (LOF) alleles ranges from 30% in Europeans to 60% 
in East Asian patients, impaired metabolism is prevalent.18,19 Pharmacokinetic studies have demonstrated 
a 40% reduction in active metabolites in LOF carriers compared to non-carriers, resulting to a subsequent 
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decrease in the pharmacodynamic response, which in turn raises the incidence of high on-treatment 
platelet reactivity (HPR) by 2-3 times.20–22 

Figure 1. Biotransformation and metabolization of the di!erent P2Y12 inhibitors agents. 

After absorption, ticagrelor is a direct-acting drug, and is partially metabolized by CYP3A4. Prasugrel is a prodrug 
that requires a one-step cytochrome (CYP) P450-based (mainly by CYP3A4 and CYP2B6) conversion to its active 
metabolite. Clopidogrel is a prodrug that necessitates a two-step oxidation process by multiple CYP-enzymes to 
become active, of which CYP2C19 has the greatest contribution. 

Consequently, multiple studies have demonstrated an increased risk of ischemic events among LOF 
carriers treated with clopidogrel, particularly in post-PCI populations.20,23 Although universal use of 
prasugrel or ticagrelor seems like a simple solution, the increased bleeding risk, higher costs, twice daily 
dosing, lower adherence with ticagrelor, and unique non-bleeding side e!ects (especially dyspnoea 
with ticagrelor) make this approach less appealing.24,25 These factors collectively form the foundation for 
applying genotype guided strategies in randomized clinical trials. 
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Table 1. CYP2C19 phenotypes, genotypes and response to clopidogrel.

Metabolizer 
phenotype Genotype Response to clopidogrel and clinical impact

Ultra-rapid (UM) *17/*17 Normal or increased antiplatelet response to clopidogrel

Rapid (RM) *1/*17 Normal or increased antiplatelet response to clopidogrel

Normal (NM) *1/*1 Normal antiplatelet response to clopidogrel

Intermediate (IM) 1 LOF allele  
(*1/*2, *1/*3, *2/*17, 
*3/*17)*

Reduced antiplatelet response to clopidogrel; increased 
risk for adverse cardiovascular events

Poor (PM) 2 LOF alleles  
(*2/*2, *2/*3, *3/*3)*

Signi!cantly reduced antiplatelet response to clopidogrel; 
increased risk for adverse cardiovascular events

*CYP2C19*4, CYP2C19*5, CYP2C19*6, CYP2C19*7, and CYP2C19*8 are more rare examples of loss-of-function variants 
and are excluded from the table above and most guidelines due to their lower clinical relevance and sparse data. 
Several studies have suggested the involvement of variants in additional genes linked to clopidogrel response, such 
as ABCB1, B4GALT2, CES1, CYP2B6, CYP2C9, P2RY12, and PON1; nevertheless, consistent replication of these !ndings 
has yet to be achieved.17 LOF = loss-of-function

Genotype guided strategies 
The various strategies applied in clinical research can be distinguished into “de-escalation” or “escalation” 
of the P2Y12 inhibitor therapy (Figure 2). A de-escalation strategy by switch entails transitioning 
from the more potent ticagrelor or prasugrel to clopidogrel in normal metabolizers (NMs), whereas 
an escalation strategy involves switching from clopidogrel to ticagrelor or prasugrel in intermediate 
metabolizers (IMs) or poor metabolizers (PMs).26 De-escalation by switch can be applied to patients 
with ACS, where the current preferred P2Y12-inihbitor is prasugrel (or ticagrelor, if contraindication to 
prasugrel exists).10 Escalation by switch of P2Y12 inhibitor therapy can be considered in situations where 
clopidogrel is standard of care, such as patients with CCS undergoing PCI, stroke, or peripheral artery 
disease. The rationale for the escalation strategy is evident: carriers of a CYP2C19 LOF allele have an 
increased ischaemic risk when treated with clopidogrel and switching to an alternative agent may reduce 
the risk for these ischemic events. Conversely, the rationale behind the de-escalation strategy centres 
on reducing bleeding events without a trade-o" in e#cacy. Reducing bleeding is gaining relevance, 
as bleeding after PCI is a clinically important metric related to signi!cant morbidity and mortality.6,27 As 
contemporary drug-eluting stents have dramatically reduced stent thrombosis (ST) rates to below 1% in 
the !rst year, strategies to improve post-PCI bleeding rates, rather than further reduce ST rates, are more 
likely to bene!cial for overall morbidity and mortality.28
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Figure 2. Flow diagram illustrating the genotype guided escalation and de-escalation P2Y12 inhibitor strategies.

The escalation strategy aims to reduce ischemic events by identifying clopidogrel-treated patients with a loss-of-
function (LOF) allele and switching them to a more potent P2Y12 inhibitor. The de-escalation strategy seeks to 
minimize bleeding by identifying CYP2C19 normal metabolizers among prasugrel or ticagrelor-treated patients and 
switching them to clopidogrel, which is associated with a lower bleeding risk.

Trials Studying Genotyping after PCI
Multiple studies have assessed the e!cacy and safety of a CYP2C19 genotype-guided strategy in patients 
with atherosclerotic coronary artery disease (CAD) (Figure 3 & 4, Supplementary Table S1).29–38 The 
TAILOR-PCI (Tailored Antiplatelet Initiation to Lessen Outcomes due to decreased Clopidogrel Response 
After Percutaneous Coronary Intervention) trial, an international multicentre RCT involving 5,302 
patients with both CCS (16%) and ACS (84%) undergoing PCI, stands as the largest trial conducted in 
this context. The primary goal was determining if point-of-care genotype-guided selection of P2Y12 
inhibitor would reduce ischemic outcomes by 50% at one year in patients prescribed DAPT using an 
escalation strategy. A non-statistically signi"cant 34% reduction in ischemic events at one year after PCI 
was seen in CYP2C19 LOF allele carriers randomized to the genotype-guided arm [adjusted hazard ratio 
(HR) 0.66, p=0.056]. However, a nearly 80% reduction (HR 0.21; p=0.001) in ischemic events was seen in 
the "rst three months following PCI, highlighting the value of adequate antiplatelet therapy during this 
period.37 A prespeci"ed analysis highlighted a statistically signi"cant 40% reduction in the total number 
of ischemic events per patient in those receiving genotype-guided P2Y12 inhibitor therapy (HR 0.60; 
p=0.011).39 The higher use of ticagrelor in the genotype-guided arm did not result in an increase of the 
primary bleeding endpoint (TIMI major or minor bleeding, HR 1.22; 95% CI 0.60-2.51).
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Figure 3. Forest plot of genotype guided de-escalation and escalation strategies vs. standard DAPT for MACE in 
patients with CAD.

This forest plot illustrates the impact of both genotype-guided de-escalation and genotype-guided escalation 
strategies on major adverse cardiovascular events (MACE) based on studies comparing a genotype-guided group with 
a group of patients treated with standard dual antiplatelet therapy (DAPT). To illustrate the uptake of the genotype-
guided intervention, the columns in gray provide additional information on the use of clopidogrel and the distribution 
of CYP2C19 loss-of-function (LOF) allele carriers in both groups if available.  *The HR is based on the subgroup analysis 
in acute coronary syndrome patients only. **The P value was not provided in the publication. ADAPT = Assessment 
of Prospective CYP2C19 Genotype Guided Dosing of Anti-Platelet Therapy in Percutaneous Coronary Intervention; 
Con = control arm; IGNITE = Implementing Genomics in Practice Network; Inv = intervention arm; PHARMCLO = 
Pharmacogenetics of Clopidogrel in Patients With Acute Coronary Syndromes; TAILOR-PCI = Tailored Antiplatelet 
Initiation to Lessen Outcomes due to decreased Clopidogrel Response After Percutaneous Coronary Intervention.

 In Figure 3 we summarize the di!erent studies that evaluated a genotype-guided treatment arm 
compared to a non-guided control arm.30,35–37,40 A noticeable trend towards a decrease in ischemic events 
is evident in the genotype-guided arm, with varying e!ects depending on the utilization of alternative 
therapy in patients with LOF alleles. There is no evident increase in bleeding events, despite escalating 
antiplatelet therapy (Figure 4). However, it is important that none of these studies were powered to 
detect any di!erences in bleeding events. 



CHAPTER 3

52

 
Figure 4. Forest plot of genotype guided de-escalation and escalation strategies vs. standard DAPT for bleeding 
outcomes in patients with CAD.

This forest plot illustrates the impact of both genotype-guided de-escalation and genotype-guided escalation 
strategies on nonmajor clinically relevant or major bleeding based on studies comparing a genotype-guided group 
with a group of patients treated with DAPT. To illustrate the uptake of the genotype-guided intervention, the columns 
in gray provide additional information on the use of clopidogrel and the distribution of CYP2C19 LOF allele carriers in 
both groups if available. Abbreviations as in Figure 3.

 POPular Genetics (Cost-e!ectiveness of CYP2C19 genotype guided treatment with antiplatelet 
drugs in patients with ST-segment-elevation myocardial infarction undergoing immediate percutaneous 
coronary intervention with stent implantation: optimization of treatment), a non-inferiority RCT of PCI 
treated STEMI patients, is still the only large RCT assessing a de-escalation strategy. CYP2C19 LOF carriers 
in the genotype-guided arm received ticagrelor or prasugrel and non-carriers received clopidogrel. 
Ticagrelor was given to the standard therapy group. Genotype guided therapy was non-inferior to 
standard therapy for the primary combined ischemic and bleeding outcome at one year. There were no 
signi"cant di!erences when evaluating for ischemic outcomes separately, but there was a statistically 
signi"cant reduction in major or minor bleeding outcomes in the genotype-guided group compared 
the standard therapy group at 12 months (HR 0.78, 95% CI 0.61–0.98), Figure 3 and 4).38

 A meta-analysis comprised of seven RCTs and nearly 16,000 patients demonstrated a statistically 
signi"cant 30% reduction in ischemic events in LOF patients treated with ticagrelor or prasugrel compared 
to clopidogrel.41 There was no di!erence in outcomes in non-carriers when prescribed ticagrelor or 
prasugrel as compared to clopidogrel. The signi"cant test for interaction strongly suggested that the 
reduction in ischemic events with ticagrelor or prasugrel is primarily attributable to the presence of the 
CYP2C19 LOF genotype. Another meta-analysis highlighted that a precision medicine approach using 
genetic or platelet function testing, results not only in improved ischemic outcomes (major adverse 
cardiovascular events RR 0.78, p=0.015) but also a reduction in minor bleeding events (RR 0.78, p=0.003) 
in patients undergoing PCI.42 These results were strengthened by a network meta-analysis, indicating 
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that among ACS patients, a guided selection of P2Y12 inhibitor therapy demonstrated the most 
favourable balance between safety and e!cacy, surpassing routine potent P2Y12-inhibiting therapy.43

 In patients undergoing PCI treated with oral anticoagulation (e.g., due to atrial "brillation), 
clopidogrel is the P2Y12 inhibitor of choice. However, there is lack of evidence regarding the impact of 
CYP2C19 allelic variants in these patients. Recently, the SWAP-AC2 (Tailoring P2Y12 Inhibiting Therapy 
in Patients Requiring Oral Anticoagulation After PCI) study showed that ticagrelor (at a 60 mg twice 
a day regimen) showed that ticagrelor (at a 60 mg bid regimen) reduced rates of HPR compared to 
clopidogrel, in patients treated with novel oral anticoagulants and impaired clopidogrel response as 
assessed by the ABCD#GENE (Age, Body Mass Index, Chronic Kidney Disease, Diabetes, and Genotyping) 
score.44

Cost E!cacy and other Considerations when Selecting P2Y12 inhibitor
In multiple studies, a genotype guided strategy has proven to be cost-e$ective compared to standard 
DAPT.45–47 Clopidogrel therapy for a year costs around %22 in Europe (Dutch tari$s in 2023) and $59 in 
the United States (US tari$s in 2022), whereas prasugrel and ticagrelor are considerably more expensive 
at approximately %526 and %788 in the Netherlands and $117 and $4,865 in the US, respectively.48,49 
Notably, adherence with such expensive medications is worse, based on data from a large US national 
health insurer.50 The point-of-care CYP2C19 testing costs approximately %150 in Europe and $280 in the 
US. While universal testing adds to the upfront expense of a genotype guided strategy, the savings from 
prescribing less ticagrelor (in case of a de-escalation strategy) and reduced bleeding related costs is 
projected to o$set the expense of the genotyping.
 Aside from the expense, ticagrelor requires twice daily dosing compared to clopidogrel. Prasugrel 
requires special considerations prior to prescribing: (1) dose reduction to 5 mg/day in patients less 
than 60 kg and over age 75; (2) an absolute contraindication if prior TIA/stroke.10 Unique side e$ects 
of ticagrelor, such as bradycardia and dyspnoea, are other considerations that can impact long term 
compliance.51
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GUIDELINE RECOMMENDATIONS

Clinical guidelines vary regarding recommendations for CYP2C19 testing and genotype-guided 
antiplatelet therapy (Table 2).17,52–55 The Clinical Pharmacogenetics Implementation Consortium 
(CPIC) and Dutch Pharmacogenetics Working Group (DPWG) provide evidence-based prescribing 
recommendations based on the assumption that genotype results are available. Both CPIC and the 
DPWG recommend the use of  prasugrel or ticagrelor in CYP2C19 IMs or PMs in the setting of ACS or in 
CCS after PCI.17,52 Guidelines from the American College of Cardiology/American Heart Association (ACC/
AHA) and the European Society of Cardiology 

Table 2. Oversight of current guideline recommendations of genotype guided antithrombotic therapy

Guideline Year 
published Indication Intermediate 

metabolizers
Poor metabolizers

U.S. FDA53,a 2020 Not speci!ed
Consider use of another 
platelet P2Y12 inhibitor

Boxed Warning - Consider 
use of another platelet 

P2Y12 inhibitor

DPWG52 2019

PCI; Stroke or TIA; 
Other

indications (PM 
only)

Choose an alternative 
P2Y12 inhibitor (or double 

the clopidogrel dose to 
150 mg/dayb)

Avoid clopidogrel.  Choose 
an alternative P2Y12 

inhibitor

CPIC17 2022

ACS and/or PCI;

Avoid standard dose (75 
mg) clopidogrel if possible. 
Use prasugrel or ticagrelor 

if no contraindications

Avoid clopidogrel if possible. 
Use prasugrel or ticagrelor 

if no
contraindications

PAD or stable CAD 
patients outside the 

setting of PCI
No recommendation

Avoid clopidogrel if possible. 
Use prasugrel or ticagrelor 

if no
Contraindications-

Neurovascular 
indications

Consider an alternative 
P2Y12 inhibitor 

(e.g., ticagrelor) if no 
contraindications

Avoid clopidogrel if 
possible. Consider an 

alternative P2Y12 inhibitor 
(e.g., ticagrelor) if no 

contraindications

ACC/AHA54 2011 PCI

Treatment with an 
alternate P2Y12 

inhibitor (e.g., prasugrel 
or ticagrelor) may be 

considered

Treatment with an alternate 
P2Y12 inhibitor (e.g., 

prasugrel or ticagrelor) may 
be considered

Normal, Rapid or Ultrarapid metabolizer

ESC55 2020 NSTEMI / ACS
De-escalation of P2Y12 inhibitor treatment (e.g., switch 
from prasugrel or ticagrelor to clopidogrel), guided by 

CYP2C19 genotyping, may be considered (Class IIb)
a Similar information in the label is provided the by the European Medicines Agency, which is annotated on the 
Pharmacogenomics Knowledgebase website (https://www.pharmgkb.org/).

ACC/AHA = American College of Cardiology/American Heart Association; ACS = acute coronary syndrome; CAD 
= coronary artery disease; CCS = chronic coronary syndrome; CPIC = Clinical Pharmacogenetics Implementation 
Consortium; DAPT = dual antiplatelet therapy; DPWG = Dutch Pharmacogenetics Working Group; ESC = European 
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Society of Cardiology; NSTEMI = non-ST-elevation myocardial infarction; PAD = peripheral artery disease; PCI = 
percutaneous coronary intervention; PM = poor metabolizer; TIA = transient ischemic attack;  U.S. FDA = United 
States Food & Drug Administration.
b In contrast to the 2019 DPWG recommendation, the CPIC 2022 guideline indicated that current evidence does 
not support a clopidogrel dose escalation strategy based on CYP2C19 genotype. However, if clopidogrel cannot be 
avoided, tripling the clopidogrel maintenance dose (225 mg/day) could be considered as an alternative treatment 
option in IMs.

 (ESC) acknowledge that prescribers can consider CYP2C19 genotyping to guide P2Y12 inhibitor therapy 
in high-risk patients undergoing PCI.54 The 2020 ESC guidelines for the management of non-ST-segment 
elevation ACS provides a Class IIb recommendation that (genotype-guided) de-escalation of P2Y12 
inhibitor therapy (e.g., switch from prasugrel or ticagrelor to clopidogrel) may be considered as an 
alternative strategy for ACS patients deemed unsuitable for 12 months of prasugrel or ticagrelor.55 Based 
on these recommendations and further supported by recent evidence, we have formulated three key 
recommendations regarding genotype guided antiplatelet therapy in Table 3.

Table 3. Key recommendations for CYP2C19 genotype guided antiplatelet therapy

Key recommendations

Patients identi!ed as CYP2C19 intermediate or poor metabolizers should avoid using clopidogrel.

ACS patients with an indication for DAPT and treated with a more potent agent, prasugrel or ticagrelor, genotype 
guided de-escalation should be considered to reduce bleeding events, especially in patients identi!ed as having 
a high bleeding risk.
CCS patients with an indication for DAPT and treated with clopidogrel, genotype guided escalation should be 
considered to reduce the risk of stent-thrombosis and recurrent ischemic events, especially in patients with a high 
ischemic risk. 

ACS, acute coronary syndrome; CCS, chronic coronary syndrome; DAPT, dual antiplatelet therapy.

Despite accumulating evidence, the more recent 2021 ACC/AHA/ coronary artery revascularization 
and 2023 ESC ACS guidelines, do not provide speci!c recommendations for CYP2C19 genotype-guided 
antiplatelet therapy.10,56 The 2023 ESC ACS guideline does o"er recommendations on strategies to 
mitigate bleeding risk, including de-escalation to clopidogrel or shortening the DAPT duration to 1 or 
3-6 months. Since genotype guided de-escalation and shorter DAPT strategies have not been directly 
compared in clinical trials, the most optimal approach remains unclear.
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CLINICAL IMPLEMENTATION

Genotype-guided P2Y12 inhibitor selection
Although not widely adopted, CYP2C19 genotyping to guide post-PCI antiplatelet therapy is one of 
the most common examples of genotype-guided drug therapy in clinical practice.17,57 Strategies for 
implementing testing vary across sites in terms of the type of genotype assay used, genotype turnaround 
time, and which patients are selected for testing.58 
 Data from real-world practice adds to the body of evidence on the bene!cial impact of CYP2C19-
guided antiplatelet therapy. A study by the Implementing GeNomics In pracTicE (IGNITE) Network 
included 1,815 patients who underwent PCI and clinical CYP2C19 testing across seven U.S. medical 
centers.31 For patients with a LOF allele and without contraindications, alternative therapy (e.g., prasugrel 
or ticagrelor) was recommended. The study showed a lower incidence of MACE (de!ned as death, MI, 
or ischemic stroke) in the 12-month period following PCI among patients with a LOF allele treated with 
alternative therapy versus clopidogrel. A subsequent IGNITE Network study in an expanded cohort of 
patients (n=3,342) con!rmed an increased risk for adverse cardiovascular events (de!ned as death, MI, 
ischemic stroke, stent thrombosis, or hospitalization for unstable angina) with clopidogrel in patients 
with a LOF allele (Figure 3 and 4).40 In addition, the study showed no di"erence in risk for cardiovascular 
events with clopidogrel versus alternative therapy in patients without a LOF allele, in line with data from 
the POPular Genetics trial.38,59 

Challenges with Implementation
There are several challenges with genotype-guided antiplatelet therapy. When bound to laboratory-
based testing, results may not be available until after the patient is discharged following a PCI procedure. 
Most sites do not have on-site genetic testing facilities, so samples must be sent to external facilities for 
testing. Moreover, it is common that laboratory-based testing is not performed on a daily basis, further 
delaying the availability of test results. Therefore, observed turnaround times for laboratory-based 
testing, from hospital admission to receiving test results, range from two to !ve days or longer.31,60,61 
A post-discharge plan is crucial to adjust therapy if necessary, including follow-up calls and pharmacy 
noti!cations. However, this can be avoided by adopting point-of-care testing, for which the turnover 
time ranges between one to six hours.36,61,62 If implemented adequately, studies have demonstrated that 
this can result in genetic results being available for 99% of patients prior to their discharge.62 Another 
viable approach is to utilize both laboratory-based and point-of-care testing, reserving point-of-care 
testing for patients expected to be discharged early.61 Additionally, point-of-care testing is the preferred 
option in escalation strategies where patients are initially treated with clopidogrel and face prolonged 
risk if turnaround times are longer. 
 A second challenge is that besides genetics, the interindividual variable response to clopidogrel is 
also attributed to other factors, such as age, diabetes, Body Mass Index and kidney function. The ABCD-
GENE score integrates these variables with the CYP2C19 genotype, providing a straightforward method 
to identify patients at increased risk for HPR and adverse ischemic events.63 While a simple genotype 
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guided treatment algorithm is most practical, physicians should always consider patients’ characteristics 
(bleeding vs. ischemic risk) and technical aspects of interventions as well. Ideally, genetic results should 
be incorporated into a case-speci!c assessment of antiplatelet therapy, including bleeding/ischemic 
risk, clinical setting and complexity of intervention. 
 Another challenge is that a mechanism is needed to ensure that physicians remain aware of the 
genotype results so that clopidogrel is not inadvertently prescribed to a LOF allele carrier in the post-
PCI follow-up period. Most sites address this by providing decision support that automatically alerts the 
prescriber through the Electronic Health Record (EHR) about patients that carry a LOF allele in response 
to a clopidogrel order.58 Conversely, automatic alerts could notify prescribers if patients treated with 
ticagrelor or prasugrel are normal metabolisers for clopidogrel.
 Additional challenges include, unknown insurance coverage for ticagrelor/prasugrel, which may 
delay transitioning therapy from clopidogrel in patients with a LOF allele while the provider or sta" 
works to contact insurance companies and uncertain reimbursement for genotyping; this may burden 
hospitals or patients with additional costs. Hence, it is essential to initiate communication with insurance 
companies and the hospital’s !nancial department, to discuss coverage of the genetic testing expenses.

When to Adapt a CYP2C19 Genotype Guided Strategy
In most (implementation) studies, a genotype guided strategy was adopted in an all-comers population. 
Because clopidogrel has a safer bleeding pro!le, a de-escalation strategy may be the  most advantageous 
for patients with a high bleeding risk (HBR).64 An escalation strategy may o"er the greatest bene!ts for 
those with a high ischemic risk without HBR, such as patients undergoing complex PCI. Complex PCIs 
often increases the thrombotic risk due to long segment or multivessel stenting, two stent bifurcation 
techniques or stent to last patent vessel. The ESC-guidelines provide a list of technical aspects, 
comorbidities and patient characteristics that enhance a patient’s thrombotic risk, that can help identify 
patients at high ischemic risk. It should be considered to expand this list with carriage of a CYP2C19 
LOF allele, in case of treatment with clopidogrel.41,65 Throughout, careful assessment weighing both the 
ischemic and bleeding risk is crucial when determining the best antiplatelet strategy.66 



CHAPTER 3

58

FUTURE DIRECTIONS

With the abundance of pharmacokinetic, pharmacodynamic, and clinical data indicating reduced 
e!ectiveness of clopidogrel in patients with a CYP2C19 LOF-allele, one might expect routine genotype 
testing to be standard practice. Yet, it is not. Within cardiology, and especially in patients with ACS, the 
results from the POPular Genetics do support a genotype-guided de-escalation strategy for reducing 
bleeding risk. However, since the POPular Genetics was not powered for non-inferiority regarding 
ischemic events, patient-level meta-analyses incorporating future trials may be needed to overcome this 
limitation. Given strong and consistent evidence of reduced clopidogrel e!ectiveness in patients with 
a LoF allele, including from large meta-analyses, and observational data of improved outcomes with 
genotype-guided therapy, providers will need to consider whether additional randomized controlled 
trial data are truly needed to support a genotype-guided escalation strategy. The ongoing trials (Table 4) 
do not fully address these issues, but will de"nitely provide relevant insights into the value of genotype-
guided antiplatelet treatment.
 The growing understanding of pharmacogenetics is fuelling technological advancements, such as 
point-of-care and panel testing, thus expanding its accessibility.67 The "rst steps toward implementing 
pre-emptive testing have been made.8 Decreasing panel-testing costs could facilitate a broader adoption 
in clinical practice, potentially allowing for prior knowledge of a patient’s genetic pro"le before an ACS 
event occurs.68 This would bypass the limitations of on-site test facilities and enable the immediate 
prescription of the most suitable medication for each patient based on genotype results, eliminating 
the need for subsequent adjustments, not only for antiplatelet drugs but also for, for example, statins or 
beta-blockers.4 Since this is not yet the case, implementing a single genetic test, preferably using point-
of-care testing, is the fastest and most practical way to apply genetic testing in the clinical practice. 
 Finally, studies assessing genotype-guided strategies have predominantly involved European and 
East Asian populations, exposing a lack of racial and ethnic diversity that warrants attention in future 
research.
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CONCLUSION

At present, genotype-guided antiplatelet therapy is not a standard recommendation in the guidelines 
due to the perceived absence of adequately powered trials. Nonetheless, based on pharmacological 
studies and according to numerous RCTs, registries, and meta-analyses, implementing a genotype-
guided strategy can indeed o!er substantial bene"ts, particularly in certain patient subgroups. In terms 
of escalation, these scenarios may involve situations where the risk of thrombosis surpasses the risk of 
bleeding. As for de-escalation strategies, this encompasses scenarios where patients have an elevated 
bleeding risk. Thus, when adopting genotype guided antiplatelet therapy, the patient should be central, 
taking into consideration various clinical, angiographic, and procedural variables before opting for a 
speci"c strategy. Ultimately, as evidence on genotype guided therapy continues to increase, with 
ongoing trials probably further re"ning the existing evidence, a personalized antiplatelet therapy could 
become part of the standard of care in patients undergoing PCI in the future.
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Dual antiplatelet therapy (DAPT), consisting of aspirin and a P2Y12 inhibitor, is still the cornerstone for 
secondary prevention of thrombotic events in patients with an acute coronary syndrome (ACS).1,2 Since 
the publication of the TRITON-TIMI 38 trial and the PLATO trial, guidelines recommend the use of ticagrelor 
or prasugrel over clopidogrel, as ticagrelor and prasugrel showed superiority in reducing cardiovascular 
death, myocardial infarction (MI) and stroke. However, ticagrelor and prasugrel are more potent platelet 
inhibitors, making patients treated with ticagrelor or prasugrel more at risk for bleeding compared to 
patients treated with clopidogrel. 3,4 In patients after percutaneous coronary intervention (PCI) the risk 
of bleeding and thrombotic events rises with increasing age, though it seems that the risk of bleeding 
is more related to age than the risk of thrombosis , as age was a signi!cant independent predictor of 
bleeding, but not of ischemic events.5 In addition, in older patients there is a higher prevalence of co-
morbidities, a lower rate of revascularization and a higher rate of early discontinuation of antiplatelet 
therapy, especially of ticagrelor. As a result their treatment is often complex and not optimal. The 
current guidelines do not provide clear guidance in how to treat the elderly population. There are no 
recommendations based on age, except the recommendation that the dose of prasugrel should be 5mg 
in patients aged above 75 years.1,2 Although elderly may be at higher risk of bleeding and could pro!t of 
de-escalation of antiplatelet therapy it is important to keep in mind that in cardiovascular conditions a 
risk-treatment paradox has been described, which is a situation in which patients at high risk for adverse 
events receive less intensive treatment or less optimal guideline-recommended care than patients at 
lower risk.6 With an increasing proportion of ACS patients being of older age, the optimal choice of 
antithrombotic therapy in elderly patients is a growing challenge and requires thorough contemplation. 
 Adjustment of antiplatelet therapy by changing P2Y12 inhibitor therapy can be done in di"erent 
ways: unguided, guided by platelet function testing or guided by CYP2C19 genotype. The POPular AGE 
trial showed that unguided de-escalation of ticagrelor to clopidogrel in elderly (>75 years) with non-
ST elevation acute coronary syndrome (NSTE-ACS) is a favorable alternative to ticagrelor, leading to 
fewer bleeding events without an increase in the combined endpoint of all-cause death, MI, stroke, 
and bleeding.7 Guided adjustment using platelet function testing (PFT) to adjust antiplatelet therapy 
was not associated with improved outcomes in elderly ACS patients, as established in the ANTARTIC-
trial.8 In the TROPICAL-ACS a guided de-escalation strategy using PFT was non-inferior to standard 
treatment in ACS patients managed with PCI, though a sub-analysis showed that the treatment e"ect 
was age dependent. In patients younger than 70 years there was a signi!cant reduction in net clinical 
bene!t, while this was not the case in the elderly patients.9 The question is if CYP2C19 genotype guided 
antithrombotic therapy has an additional bene!cial e"ect on outcomes in elderly patients with coronary 
artery disease in addition to unguided de-escalation to clopidogrel as seen in the POPular AGE trial. 
 Clopidogrel is a prodrug that has to be transformed to its active metabolite by hepatic cytochrome 
P450 enzymes, of which CYP2C19 is the most important. Carriers of CYP2C19 loss-of-function (LOF) alleles 
have decreased enzyme function and will create less active metabolite after ingestion of clopidogrel. 
These patients have lower rates of platelet inhibition as measured with platelet function tests and are 
at higher risk for developing thrombotic events after PCI. In the POPular GENETICS trial a genotype-
guide strategy for selection of oral P2Y12 inhibitor was found to be non-inferior to standard treatment 
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with ticagrelor or prasugrel with respect to ischemic events, while bleeding events were lower.10 It is a 
reasonable hypothesis that also in elderly patients CYP2C19 genotype in!uences the balance between 
bene"t and harm when the more potent P2Y12 inhibitors are prescribed in comparison to clopidogrel.
 In a pre-speci"ed sub-analysis, containing ACS patients aged 70 years and older derived from the 
POPular AGE and POPular Genetics trial, the use of clopidogrel in noncarries of CYPC2C19 LOF-alleles 
was compared with ticagrelor, irrespective of CYPC2C19 genotype.11 The sample size of this analysis 
depended on the number of patients of 70 years and older included in both trials in whom CYP2C19 
genotype was available, and was therefore not prospectively powered. Of the 1084 patients in this 
trial (536 patients from the POPular Age trial and 548 patients from the POPular Genetics trial), 590 
patients were treated with ticagrelor, 401 noncarriers of LOF-alleles were treated with clopidogrel and 
82 carriers of LOF-alleles were treated with clopidogrel. There was no statistically signi"cant di#erence 
in net clinical bene"t outcome (all-cause death, MI, stroke and PLATO major bleeding) between the 
patients treated with ticagrelor and the noncarriers of LOF-alleles treated with clopidogrel (17.2% vs. 
15.1%, adjusted hazard ratio (adjHR) 1.05, 95%CI 0.77 – 1.44). Also no statistically signi"cant di#erence 
was found in the thrombotic (cardiovascular death, MI and stroke) (9.7% vs. 9.2%, adjHR 1.00, 95%CI 0.66 
– 1.50) and bleeding outcome (PLATO major and minor bleeding) (17.7% vs. 19.8%, adjHR 0.83, 95%CI 
0.62 – 1.12). There were no signi"cant di#erences in any of these outcomes between the clopidogrel 
treated noncarriers group and the small clopidogrel treated carriers of loss-of-function alleles group. 
The numerically lower number of bleeding events, though not statically signi"cant, in the clopidogrel 
treated patients without a CYP2C19 LOF-allele combined with a comparable thrombotic event rate can 
still be interpreted as clinically relevant. Given that the analysis was not prospectively powered, the 
hypothesized bene"cial e#ect of clopidogrel in noncarriers of a CYP2C19 LOF-allele may not be re!ected 
in the results, due to the lack of power of the sample size. In conclusion, this analysis suggests that 
genotyping can be of additional value for clinical decision making in the vulnerable and di$cult to 
treat elderly ACS patients. Testing the CYP2C19 genotype can provide additional support for prescribing 
clopidogrel in elderly ACS patients who would otherwise receive ticagrelor. This would also have a 
bene"cial e#ect on treatment adherence and health care costs.

This said, barring the use of genotyping, the evidence of clopidogrel versus ticagrelor in elderly ACS 
patients is con!icting. In the elderly subgroup of the PLATO trial (n=2878), ticagrelor use reduced 
ischemic events, without increasing bleeding events, though fatal bleeding and non-CABG major 
bleeding were higher in the elderly treated with ticagrelor.12 The Bremen STEMI Registry (n = 1087 STEMI 
patients treated with PCI aged 75 years and older) also showed a bene"cial e#ect of ticagrelor compared 
to clopidogrel on major adverse cardiac and cerebrovascular events without an increase in bleeding 
events.13 The national SWEDEHEART registry, reporting 1-year clinical outcomes of ticagrelor versus 
clopidogrel in elderly MI patients of 80 years and older, found contrasting results, showing no signi"cant 
reduction in the combined ischemic end point or in net clinical events, though the risk for readmission 
for bleeding increased with 48% with ticagrelor compared with clopidogrel.14 The POPular AGE, as the 
only randomized clinical trial performed speci"cally in elderly ACS patients comparing ticagrelor with 
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clopidogrel, provides clarity in this debate, showing that clopidogrel compared to ticagrelor leads to 
fewer bleeding events without an increase in thrombotic outcomes.7

The question remains if CYP2C19 guided antiplatelet therapy, on top of the results of the POPular AGE, 
is bene!cial in elderly patients. A recent meta-analysis analyzed the e"ect of CYP2C19 genotype on 
treatment outcomes with ticagrelor or prasugrel compared to clopidogrel in patients with coronary artery 
disease (CAD) undergoing PCI.15 In total 15949 patients were collected from 7 randomized controlled 
trials (mean age 62, 77% treated with PCI and 98% presented with an ACS). In patients who carried a 
CYP2C19 LOF allele treatment with ticagrelor compared to clopidogrel resulted in a signi!cant reduction 
of ischemic events (7.0% vs. 10.3%; RR 0.70; 95% CI, 0.59-0.83), whereas no treatment di"erence was 
shown in patients who did not carry a CYPC219 LOF allele (8.8% vs. 9.2%; RR 1.00; 95% CI 0.80-1.2). The 
test of interaction based on CYP2C19 genotype status was statistically signi!cant, suggesting that this 
di"erence in treatment e"ect was due to the presence of a CYP2C19 LOF allele. The authors concluded 
that these results support genetic testing prior to prescribing P2Y12 inhibitor therapy. Unfortunately, no 
sub-analysis in elderly patients was performed.
 It has to be said that CYP2C19 genotypes explain only a fraction of the pharmacodynamic response 
to clopidogrel. In addition to CYP2C19 genotype status, age, body mass index, kidney function and the 
presence of diabetes mellitus (DM) also have a contributing role on platelet inhibition by clopidogrel.16 
As stated earlier, comorbidities, like chronic kidney disease and DM, are more common in the elderly 
ACS patients. It is quite possible that a risk strati!cation based on, not only genotype, but also clinical 
variables, is the best way to select the most optimal P2Y12 inhibitor treatment in the elderly population. 
All things considered it seems very reasonable that in elderly ACS patients, who have increasing risk 
of bleeding, a de-escalation therapy switching from ticagrelor to clopidogrel using genotyping is 
bene!cial. 
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ABSTRACT

Background
The cytochrome P450 (CYP) 2C9 enzyme plays a role in the metabolization of clopidogrel. Carriage of a 
CYP2C9 loss-of-function (LoF) allele has been associated with attenuated pharmacokinetics, leading to a 
diminished pharmacodynamic response and increased risk for developing stent thrombosis in patients 
treated with clopidogrel.

Methods
In this study, we aimed to determine the e!ect of the CYP2C9*2 and *3 LoF alleles on thrombotic events. 
Therefore, a post hoc analysis was performed in 878 patients with available CYP2C9 genotype status 
included in the POPular Genetics and POPular Age trials, which enrolled patients with ST-elevation 
myocardial infarction and non-ST-elevation myocardial infarction, respectively. The primary thrombotic 
outcome was a composite of cardiovascular death, myocardial infarction or stroke. 

Results
A total of 526 (60%) patients were CYP2C9 LoF allele noncarriers and 352 (40%) were CYP2C9 LoF allele 
(*2 or *3) carriers. After correction for di!erences in baseline characteristics, there were no signi"cant 
di!erences between CYP2C9 LoF allele carriers and noncarriers for the combined thrombotic outcome 
(6.3% vs. 5.9%, hazard ratio 1.16 [0.67–2.0], p = 0.60), or the individual thrombotic outcomes. Moreover, 
no di!erences were seen in the event rates for clinically relevant bleeding (Bleeding Academic Research 
Consortium [BARC] 2–5 bleeding) as well as major bleeding (BARC 3 or 5 bleeding). 

Conclusions
Carriers of a CYP2C9 *2 or *3 LoF allele presenting with acute coronary syndrome and treated with 
clopidogrel did not have an increased risk for thrombotic events compared with noncarriers. Given the 
limited number of poor metabolizers, no "rm conclusions could be drawn with regard to the thrombotic 
risk for patients carrying two CYP2C9 LoF alleles.
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INTRODUCTION

In patients with chronic coronary syndrome (CCS) under-going percutaneous coronary intervention 
(PCI), dual anti-platelet therapy (DAPT) consisting of aspirin and clopidogrel represents the cornerstone 
of medical therapy to prevent thrombotic complications.1 In patients with acute coronary syndrome 
(ACS), use of the more potent P2Y12 inhibitors prasugrel or ticagrelor is preferred.2 However, in the 
current guidelines, guided or unguided de-escalation of potent P2Y12 inhibition, by switching from 
ticagrelor or prasugrel to clopidogrel, may be considered an alternative DAPT strategy (class IIb, level of 
evidence A) in patients with ACS deemed unsuitable for potent platelet inhibition (e.g. those with high 
bleeding risk).3 Treatment with clopidogrel is subject to large interindividual variability. During the two-
step conversion of clopidogrel to its active metabolite, multiple cytochrome P450 (CYP) enzymes play 
a part (CYP2C19, CYP3A4/5, CYP1A2, CYP2B6 and CYP2C9), however CYP2C19 is the main contributor 
in this process.4 As a consequence, carriers of a CYP2C19 loss-of-function (LoF) allele have a reduced 
antiplatelet response to clopidogrel and are at higher risk for thrombotic events when compared with 
noncarriers.5,6 Therefore, guided de-escalation to clopidogrel can be done by CYP2C19 genotyping.7 
However, there are other CYP enzyme poly-morphisms involved in the metabolization of clopidogrel 
that can also a!ect antiplatelet response to clopidogrel. The CYP2C9 enzyme, which is an important 
member of the CYP enzyme family, also plays a role in the metabolization of clopidogrel. Of all known 
variants of the CYP2C9 gene, CYP2C9*2 (rs1799853) and CYP2C9*3 (rs1057910) are the most common 
LoF variants with reduced enzymatic activity.8,9 Carriage of a CYP2C9 LoF allele has been associated with 
a lower exposure to clopidogrel active metabolite and a diminished pharmacodynamic response.10,11 
The CYP2C9*3 LoF variant has even been associated with a 2.4-fold increased risk for developing stent 
thrombosis (ST) in patients treated with clopidogrel after PCI.12 Thus, the presence of a CYP2C9 LoF allele 
may a!ect an individual’s response to clopidogrel and therefore potentially impact clinical outcomes. 
However, there is a lack of data regarding the di!erent CYP2C9 polymorphisms and their prognostic 
impact in patients treated with clopidogrel. In this post hoc analysis, our aim was to assess the e!ect 
of the CYP2C9 LoF alleles on clopidogrel treatment in ACS patients and investigate whether these 
alleles in"uence the risk of occurrence of thrombotic and/or bleeding events using data from two large 
randomized controlled trials—POPular Genetics and POPular Age.13,14

METHODS

Study Design and Population
The design and results of the POPular Genetics and POPular Age trials have been published previously. 
In brief, the POPular Genetics trial was an open-label, assessor-blinded, randomized controlled trial.13 
Between 2012 and 2018, 2488 patients with ST-elevation myocardial infarction (STEMI) undergoing 
primary PCI aged 21 years and older were included. Within 48 hours of primary PCI, patients were 
randomized to either a standard treatment arm (treatment with ticagrelor or prasugrel for 1 year) or 
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to the genotype-guided arm (treatment adjustment after rapid CYP2C19 genetic testing). In the 
genotype-guided arm, patients carrying a CYP2C19*2 or *3 LoF allele were treated with ticagrelor or 
prasugrel, while noncarriers (*1/*1) were treated with clopidogrel. The POPular AGE trial was an open-
label, assessor-blinded, randomized controlled trial performed in 12 centers in The Netherlands [14]. 
Between 2013 and 2018, 1002 patients with non-STEMI (NSTEMI) and unstable angina aged 70 years and 
older were included. Patients were randomized to either treatment with clopidogrel or treatment with 
ticagrelor or prasugrel on top of standard care. The follow-up duration was 12 months in both trials. An 
Institutional Review Board approved the trials and all patients provided written informed consent. This 
analysis included all patients in whom the CYP2C9 gene was analyzed.

Data Collection
In both studies, CYP2C9 genotyping was retrospectively performed using blood samples, which were 
analyzed by LGC Biosearch Technologies (Hoddesdon, UK) using a KASP genotyping assay. In the POPular 
AGE trial, blood samples were collected in three participating hospitals and were therefore not available 
for all patients. In the POPular Genetics trial, CYP2C19 genotyping was performed with the use of the 
TaqMan StepOnePlus assay at a central laboratory (St. Antonius Hospital, Nieuwegein, The Netherlands) 
or with an on-site point-of-care Spartan RX device (Spartan Bioscience). In the POPular AGE trial, CYP2C19 
genotyping was performed by LGC Biosearch Technologies using a KASP genotyping assay.

Outcomes and De!nitions
Cardiovascular events consisted of all-cause death, cardio-vascular death, myocardial infarction (MI), 
stroke, ST, target vessel revascularization (TVR), unstable angina, transient ischemic attack (TIA) and 
any bleeding requiring medical attention classi!ed according to the PLATelet inhibition and patient 
Outcomes (PLATO) bleeding classi!cation, as well as the Bleeding Academic Research Consortium 
(BARC) bleeding criteria, at 1-year follow-up. Clinically relevant bleeding was de!ned as PLATO minor 
and major bleeding or BARC 2–5 bleeding. The primary thrombotic outcome was a composite of death 
from cardiovascular causes, MI, or stroke. The outcome de!nitions were identical to the de!nitions used 
in both main trials, in which a blinded event committee adjudicated all adverse clinical events.

Statistical Analysis
This analysis was not prospectively powered and the sample size is based on the number of patients 
in the original trials of whom the CYP2C9 genetic pro!le was available. In this analysis, we compared 
the thrombotic event rate between carriers and noncarriers of a CYP2C9 LoF allele (*2 or *3) treated 
with clopidogrel (dominant model). For survival analyses, patients were also divided into three groups 
on the basis of their phenotype: extensive metabolizers (CYP2C9*1/*1 homozygotes), intermediate 
metabolizers (CYP2C9*1/*2 and CYP2C9*1/*3 heterozygotes) and poor metabolizers (CYP2C9*2/*2, 
CYP2C9*2/*3 and CYP2C9*3/*3). Variables are presented as number (percentages) and mean ± stand-
ard deviation (SD), or median and interquartile range. Time-to-event curves were constructed using 
the Kaplan–Meier method. Hazard ratios (HR) with 95% con!dence intervals (CI) were calculated using 
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Cox proportional hazard models and adjusted for baseline di! erences by including all variables with a p 
value <0.05. p values <0.05 were considered statistically signi" cant. Chi-square analysis was used to test 
the deviations of genotype distribution from the Hardy–Wein-berg equilibrium. 

RESULTS

The POPular Genetics and POPular Age trials included a total of 2488 and 1002 patients, respectively. A 
# owchart of the selection of patients from these two trials with CYP2C9 status is presented in Figure 1. 

Figure 1. Selection of patients from the POPular Genetics and POPular AGE trials. CYP cytochrome P450,
LOF loss-of-function, STEMI ST-elevation myocardial infarction, NSTE-ACS non-ST-elevation acute coronary syndrome



CHAPTER 5

84

0The CYP2C9 genotype was available in 2062 (83%) patients in the POPular Genetics trial and 465 (46%) 
patients in the POPular Age trial, resulting in a total population of 2527 patients with a known CYP2C9 
genotype. From this cohort, 878 (35%) patients were treated with clopidogrel, of whom 526 (60%) 
were noncarriers of a CYP2C9 LoF allele and 352 (40%) were CYP2C9 LoF allele carriers. The baseline 
characteristics are shown in Table 1. Between CYP2C9 LoF allele carriers and noncarriers, all variables 
were well balanced, except for a higher frequency of CYP2C19 LoF carriers (5.1% vs. 11.6%, p = 0.001) and 
NSTEMI diagnosis at discharge (17.9% vs. 23.6%, p = 0.044) in the CYP2C19 LoF carrier group. Genotype 
distributions were in Hardy–Weinberg equilibrium and frequencies were similar to those in other studies 
of Caucasian participants (Figure 2).10,12

Table 1. Baseline characteristics in patients treated with clopidogrel, divided between CYP2C9 LoF carriers and 
CYP2C9 LoF noncarriers

Characteristics CYP2C9 LoF 
carriers  
N = 352

CYP2C9 LoF 
noncarriers N = 

526

p value

Age (years, mean ± SD) 66 ± 12 66 ± 12 0.97

Female sex 102 (29.0%) 148 (28.1%) 0.79

Ethnicity

Caucasian 336 (95.5%) 504 (95.8%) 0.80

Asian 4 (1.1%) 10 (1.9%) 0.38

Arabian 3 (0.9%) 3 (0.6%) 0.69

Latin-American 2 (0.6%) 3 (0.6%) 1.00

African 2 (0.6%) 3 (0.6%) 1.00

Medical history

Hypertension 161 (45.9%) 259 (49.2%) 0.33

Dyslipidaemia 105 (29.8%) 160 (30.4%) 0.85

Diabetes Mellitus 49 (13.9%) 78 (14.8%) 0.71

Myocardial infarction 51 (14.5%) 69 (13.1%) 0.56

Stroke 21 (6.0%) 24 (4.6%) 0.36

Peripheral arterial disease 18 (5.1%) 26 (4.9%) 0.91

Renal disease 38 (10.9%) 48 (9.2%) 0.42

Bleeding 7 (2.0%) 13 (2.5%) 0.64

CYP2C9 Phenotype
Intermediate metabolizers 
(CYP2C9 *1/*2 or *1/*3 carriers)

310 (35.3%)

Poor metabolizers  
(CYP2C9 *2/*2, *2/*3 or *3/*3 carriers )

42 (4.8%)

CYP2C19 genotype

CYP2C19 LoF carriers 18 (5.1%) 61 (11.6%) 0.001



CYP2C9 POLYMORPHISMS AND THE RISK OF CV IN PATIENTS TREATED WITH CLOPIDOGREL

85

5

Diagnosis at discharge

Unstable angina 8 (2.3%) 13 (2.5%) 0.85

NSTEMI 63 (17.9%) 124 (23.6%) 0.044

STEMI 280 (79.5%) 387 (73.6%) 0.42

Medication at discharge

Aspirin 326 (92.6%) 489 (93.0%) 0.84

Oral anticoagulation 35 (9.9%) 56 (10.6%) 0.74

Beta blocker 296 (84.1%) 443 (84.2%) 0.96

ACE inhibitor 242 (68.8%) 369 (70.2%) 0.66

Statin 341 (96.9%) 500 (95.1%) 0.47

CAG performed 334 (94.9%) 503 (95.6%) 0.61

Radial access site 209 (62.6%) 339 (67.9%) 0.14

PCI 309 (87.8%) 562 (87.8%) 0.98

ACE angiotensin-converting enzyme, CAG coronary angiography, CYP cytochrome P450, LoF loss-of-function, NSTEMI 
non-ST-elevation myocardial infarction, PCI percutaneous coronary intervention, STEMI ST-elevation myocardial 
infarction, SD standard deviation

 
Figure 2. Oversight of the di!erent allele frequencies of both the CYP2C9 *2 and *3 genotypes.

A. Allele frequencies separated for the CYP2C9 *2 and *3 LoF alleles. The table shows the total allele frequencies for 
both the CYP2C9 *2 and *3 LoF alleles. B. CYP2C9 frequencies according to their phenotype (extensive metabolizers, 
intermediate metabolizers or poor metabolizers). AF allele frequency, CYP cytochrome P450, LoF loss-of-function, 
SNP single nucleotide polymorphism

ACE angiotensin-converting enzyme, CAG coronary angiography, CYP cytochrome P450, LoF loss-of-function, NSTEMI 

non-ST-elevation myocardial infarction, PCI percutaneous coronary intervention, STEMI ST-elevation myocardial 

infarction, SD standard deviation

Table 1. Continued
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 The occurrence of cardiovascular events was comparable in both carriers and noncarriers of a 
CYP2C9 LoF allele (Figure 3a; Table 2). No signi!cant di"erences were seen between carriers and 
noncarriers of a CYP2C9 LoF allele for the combined thrombotic outcome (6.3% vs. 5.9%, HR 1.16 
[0.67–2.02], p = 0.60) or the individual thrombotic outcomes, after correction for CYP2C19 LoF allele 
carrier status and diagnosis at discharge. Event rates for thrombotic outcomes were numerically higher 
in poor metabolizers compared with extensive metabolizers (9.5% vs. 5.9%, HR 1.93 [0.67–5.54], p = 
0.22). Unfortunately, the number of poor metabolizers was very low (n = 42). When speci!cally assessing 
the di"erent CYP2C9 polymorphisms, there was no statistically signi!cant di"erence in the thrombotic 
outcome between CYP2C9 *3 carriers and noncarriers (7.5% vs. 5.8%, HR 1.42 [0.71–2.84], p = 0.32) or 
between CYP2C9 *2 carriers and noncarriers (6.2% vs. 6.0%, HR 1.13 [0.62–2.07], p = 0.68). No di"erences 
were seen in the event rates for clinically relevant bleeding (BARC 2–5 bleeding: 12.5% vs. 14.8%, HR 0.90 
[0.62–1.30], p = 0.57; PLATO minor and major bleeding: 11.4% vs. 13.9%, HR 0.86 [0.58–1.27], p = 0.45), 
or for major bleeding (BARC 3 or 5 bleeding: 3.7% vs. 3.8%, HR 1.08 [0.53–2.19], p = 0.83; PLATO major 
bleeding: 2.8% vs. 3.2%, HR 0.93 [0.42–2.05], p = 0.86) (Figure 3b; Table 2).

 

Figure 3. Outcomes of clopidogrel-treated patients with regard to the composite thrombotic and bleeding outcome 
in CYP2C9 LoF carriers compared with noncarriers. 

Kaplan–Meier curves for a the thrombotic outcome, consisting of cardiovascular death, myocardial infarction and 
stroke, and b BARC 2–5 bleeding. BARC Bleeding Academic Research Consortium, CYP cytochrome P450, LoF loss-
of-function
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Table 2. Occurrence of thrombotic and bleeding events in CYP2C9 LoF carriers and noncarriers treated with 
clopidogrel

Event CYP2C9 
LoF 

carriers 
(N = 352) 

(%)

Poor 
metabolizers 

(N = 42)  
(%)

Intermediate 
metabolizers 

(N = 310) 
 (%)

CYP2C9 
LoF non-
carriers 

(N = 526)  
(%)

HR  
95% CI)ᵃ

p value

Composite of 
thrombotic outcomes

22 (6.3) 4 (9.5) 18 (5.8) 31 (5.9) 1.16 (0.67–2.02) 0.60

All-cause death 13 (3.7) 1 (2.4) 12 (3.9) 12 (2.3) 1.82 (0.82–4.03) 0.14

Cardiovascular death 5 (1.4) 0 (0.0) 5 (1.6) 6 (1.1) 1.36 (0.41–4.51) 0.61

MI 14 (4.0) 4 (9.5) 10 (3.2) 22 (4.2) 1.05 (0.53–2.06) 0.90

TVR 4 (1.1) 1 (2.4) 3 (1.0) 4 (0.8) 1.58 (0.39–6.40) 0.53

ST 1 (0.3) 1 (2.4) 0 (0.0) 1 (0.2) 1.35 (0.09–21.65) 0.83

Stroke 4 (1.1) 0 (0.0) 4 (1.3) 4 (0.8) 1.61 (0.40–6.56) 0.51

Bleeding outcomes
BARC 2–5 bleeding 44 (12.5) 5 (11.9) 39 (12.6) 78 (14.8) 0.90 (0.62–1.30) 0.57

BARC 3 or 5 bleeding 13 (3.7) 1 (2.4) 12 (3.9) 20 (3.8) 1.08 (0.53–2.19) 0.83

PLATO minor or major 
bleeding

40 (11.4) 5 (11.9) 35 (11.3) 73 (13.9) 0.86 (0.58–1.27) 0.45

PLATO major bleeding 10 (2.8) 1 (2.4) 9 (2.9) 17 (3.2) 0.93 (0.42–2.05) 0.86

The event rates for poor (*2/*2, *2/*3 or *3/*3) and intermediate (*1/*2 or *1/*3) metabolizers are also shown. 
Di!erences in event rates for both poor and intermediate metabolizers were compared with CYP2C9 LoF noncarriers 
using Cox proportional hazard models. All comparisons were not statistically di!erent (p value > 0.05). BARC Bleeding 
Academic Research Consortium, CI con"dence interval, CYP cytochrome P450, HR hazard ratio, LoF loss-of-function, 
MI myocardial infarction, PLATO PLATelet inhibition and patient Outcomes, ST stent thrombosis, TVR target vessel 
revascularization
aHRs are calculated by comparing CYP2C9 LoF carriers with noncarriers. The composite of thrombotic outcomes 
consists of cardiovascular death, MI and stroke. HRs were adjusted for CYP2C19 LoF allele carrier status and diagnosis 
at discharge

DISCUSSION

In this post hoc analysis investigating the prognostic impact of the CYP2C9 polymorphisms on 
cardiovascular outcomes in patients treated with clopidogrel for ACS (POPular Genetics and POPular 
Age trials), the main "nding is that there were no di!erences in the risk for thrombotic events between 
CYP2C9 LoF carriers and noncarriers. This was also the case when speci"cally assessing the impact of the 
CYP2C9 *3 allele on thrombotic events.

 The CYP2C9 enzyme plays an important role in the metabolization of about 15% of clinically 
administered drugs. Several studies have shown that the presence of a CYP2C9 polymorphism can 
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have clinical implications in di!erent antithrombotic treatments. One of the most signi"cant clinical 
impacts of CYP2C9 polymorphisms is the metabolism of Vitamin K antagonists (VKA, such as warfarin 
and acenocoumarol), with an approximately "ve-fold stronger anticoagulant e!ect. Poor metabolizers 
with a CYP2C9 LOF variant need lower doses of VKA to attain an adequate response and are more prone 
to adverse e!ects such as bleeding.15,16 Next to VKAs, CYP2C9 also plays a role in the metabolization 
of aspirin and CYP2C9 polymorphisms have been associated with a higher risk for adverse e!ects and 
aspirin intolerance.17,18

 CYP2C9 only plays a role in the second metabolization step in the activation of clopidogrel.5 In 
addition, the presence of a CYP2C9 LoF allele has been associated with decreased exposure to the active 
metabolite of clopidogrel and a diminished pharmacodynamic response. In the study by Harmsze et 
al. regarding patients undergoing elective coronary stent implantation, carriers of the CYP2C9 *3 LoF 
allele showed overall higher on-clopidogrel platelet reactivity and an increased risk for a poor response 
to clopidogrel, indicating that the genetic variant CYP2C9 *3 plays an important role in response to 
clopidogrel.11 However, in healthy subjects, there is more controversy between the association of the 
CYP2C9 LoF alleles and the e!ect of clopidogrel. While Brandt et al. showed that carriers of the CYP2C9 *2 
or *3 allele had decreased exposure to the active metabolite of clopidogrel and were more often poor 
responders, Mega et al. did not "nd any association with CYP2C9 LoF alleles and the pharmacokinetic 
and pharmacodynamic response to clopidogrel.5,10 Moreover, in line with our results, Mega et al. 
observed no signi"cant associations between the CYP2C9 genotype and thrombotic events in a cohort 
of 1477 patients treated with clopidogrel; however, they assessed neither poor responder status nor 
the e!ect of the individual CYP2C9 *2 and *3 polymorphisms in their analysis. Compared with the 
population in the study by Mega et al., the number of carriers of a CYP2C9 LoF allele was higher in our 
study population, although our overall population was slightly smaller. In contrast to their analysis, we 
did assess the impact of the di!erent CYP2C9 LoF alleles separately. Numerically, the thrombotic event 
rates were higher in carriers of a CYP2C9 *3 allele (7.5% vs. 5.8%), while this was not the case in carriers 
of the CYP2C9 *2 allele (6.2% vs. 6.0%). As these di!erences were not statistically signi"cant, no "rm 
conclusions can be drawn from these results. However, this observation is in line with a previous case-
control study by Harmsze et al. showing that the CYP2C9 *3 LoF allele in particular was associated with 
an increased risk for ST, while the CYP2C9 *2 LoF allele was not.12 
 
 As previous studies have shown that CYP2C9 LoF allele carriers have decreased exposure to the 
active metabolite of clopidogrel, it can be hypothesized that this could lead to a lower risk for adverse 
e!ects such as bleeding. Nonetheless, we found no di!erences in bleeding rates between the two 
groups that could substantiate this hypothesis.

 Overall, our results suggest that there is no increased risk for thrombotic events in patients who 
carry a CYP2C9 *2 or CYP2C9 *3 LoF allele. This is reassuring as it implicates that it is not necessary to test 
for the CYP2C9 polymorphisms when starting treatment with clopidogrel. Currently, CYP2C19 remains 
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the most important CYP enzyme in the metabolization of clopidogrel, a!ecting the pharmacokinetics, 
pharmacodynamic response and risk on thrombotic events in patients with a CYP2C19 LoF allele. In 
recent years, there has been growing evidence in favor of a CYP2C19 genotype-guided treatment 
strategy when prescribing DAPT in patients with ACS, implicating that tailoring the P2Y12 inhibitor based 
on a patient’s CYP2C19 genotype can improve cardiovascular outcomes.13,19,20 In particular, the POPular 
Genetics trial showed that by applying a genotype-guided de-escalation strategy, 61% of patients could 
be treated with clopidogrel instead of ticagrelor, which resulted in a substantially lower risk of bleeding 
events without any evidence for an increase in ischemic events.13

Limitations
There are limitations in this study. First, this post hoc analysis was dependent on the available CYP2C9 
genotype data of the POPular Genetics and POPular Age trial. As a result, it was not prospectively powered 
to detect a di!erence in the cardio-vascular outcomes. Our results should therefore be interpreted in 
light of the limited sample size. Second, in the POPular Genetics trial, patients were randomized between 
a CYP2C19 genotype-guided treatment strategy versus conventional treatment. Therefore, the CYP2C19 
genotype was not normally distributed over the patients treated with clopidogrel, which is also re"ected 
in the baseline table. However, in our analyses, we adjusted for the carrier status of the CYP2C19 LoF 
allele to account for this unequal distribution. Finally, due to the low prevalence of the poor metabolizer 
phenotype, we used a dominant model in our primary analysis, assuming that having one or more 
copies of the CYP2C9*2 or *3 allele increased the thrombotic risk compared with the *1/*1 genotype. 
Therefore, a possible e!ect limited to CYP2C9 poor metabolizers might have been underestimated or 
missed.

CONCLUSION

Carriage of the CYP2C9 *2 or *3 LoF alleles did not increase the risk for thrombotic events in patients 
presenting with ACS treated with clopidogrel. Due to the limited number of poor metabolizers, further 
studies should be conducted in a larger cohort treated with clopidogrel to be able to de#nitely rule out 
an association between CYP2C9 poor metabolizers and thrombotic risk.
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ABSTRACT

Aims
To determine the clinical e!cacy,adverse events and side-e"ect dyspnea of CYP3A4*22 and CYP3A5 
expressor status in ticagrelor treated patients.

Methods and results
Ticagrelor treated patients from the POPular Genetics randomized controlled trial were genotyped for 
CYP3A4*22 and CYP3A5*3 alleles. Patients were divided based on their genotype. In total 1,281 patients 
with ST-segment elevation myocardial infarction (STEMI) were included. CYP3A4*22 carriers (n = 152) 
versus CYP3A4*22 non-carrier status (n = 1,129) were not found to have a signi#cant correlation with 
the primary thrombotic endpoint: cardiovascular death, myocardial infarction, de#nite stent thrombosis 
and stroke [1.3% vs. 2.5%, adjusted hazard ratio 1.81 (0.43–7.62) p = 0.42], or the primary bleeding 
endpoint: PLATO major and minor bleeding [13.2% vs. 11.3%, adjusted hazard ratio 0.93 (0.58–1.50) p = 
0.77]. Among the CYP3A4*1/*1 patients, CYP3A5 expressors (n = 196) versus non-expressors (n = 926) 
did not show a signi#cant di"erence for the primary thrombotic [2.6% vs. 2.5%, adjusted hazard ratio 
1.03 (0.39–2.71) p = 0.95], or the primary bleeding endpoint [12.8% vs. 10.9%, adjusted hazard ratio 
1.13 (0.73–1.76) p = 0.58]. With respect to dyspnea, no signi#cant di"erence was observed between 
CYP3A4*22 carriers versus CYP3A4*22 non-carriers [44.0% vs. 45.0%, odds ratio 1.04 (0.45–2.42) p = 0.93], 
or in the CYP3A4*1/*1 group, CYP3A5 expressors versus CYP3A5 non-expressors [35.3% vs. 47.8%, odds 
ratio 0.60 (0.27–1.30) p = 0.20].

Conclusion
In STEMI patients treated with ticagrelor, neither the CYP3A4*22 carriers, nor the CYP3A5 expressor 
status had a statistical signi#cant e"ect on thrombotic and bleeding event rates nor on dyspnea.
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INTRODUCTION

Patients with acute coronary syndrome (ACS) are treated with dual antiplatelet therapy (DAPT), 
consisting of aspirin and a P2Y12 inhibitor, according to the current guidelines. It is estimated that, in 
2015, the number of patients requiring DAPT has increased to approximately 1.4–2.2 million patients per 
year worldwide. Current ACS guidelines recommend the use of the stronger antiplatelet drugs ticagrelor 
or prasugrel over clopidogrel in combination with aspirin. The use of clopidogrel in patients with ACS is 
currently limited to the situation when ticagrelor or prasugrel are not available, cannot be tolerated, or 
are contraindicated.1,2

 Ticagrelor is a direct acting oral, reversible antiplatelet agent with a plasma half-life of approximately 
7–12 h. Unlike clopidogrel, which has to be metabolized into its active variant by hepatic CYP450 
enzymes in order to gain its therapeutic e!ect, ticagrelor does not require metabolic activation. However, 
ticagrelor is extensively metabolized and eliminated by primarily CYP3A4, and, to a lesser extent, by 
CYP3A5 (as shown in vitro studies) into the metabolites C124910XX and C133913XX.3 Therefore, it is 
not recommended to combine ticagrelor with strong CYP3A4 inhibitors or inducers. For example, 
concomitant use of ketoconazole increases the Cmax of ticagrelor 2.4 times and the Area Under the 
Curve (AUC) 7.3 times.4 The C124910XX compound exhibits almost the same potency in antiplatelet 
e!ect as the parent drug and is present at approximately 30%–40% of the levels of ticagrelor. C124910XX 
is further metabolized by UDP-glucuronosyltransferase, or via hydroxylation to a minor hydroxylated 
derivative and then excreted in the urine.3

 A recent study showed that gene polymorphisms in the CYP3A4 and CYP3A5 genes in"uence 
the biological availability of ticagrelor. The CYP3A4 intron six single-nucleotide polymorphism (SNP)
(rs35599367C>T, CYP3A4*22), which has an allele frequency of 3%–8% in the Caucasian population and 
less than 1% in the African and Asian population, reduces the hepatic expression of CYP3A4, explaining 
~12% of CYP3A4 enzyme activity variability.5,6 Previous research has shown that CYP3A4 (CYP3A4*22) 
genotype correlate with the pharmacodynamics (PD) and pharmacokinetics (PK) of ticagrelor, resulting 
in more platelet inhibition 24 h after ticagrelor administration, consistent with a decreased metabolism 
and thus higher plasma concentrations.7 As a consequence, being carrier of the CYP3A4*22 allele could 
lead to an increased risk of ticagrelor-related side-e!ects, such as bleedings and dyspnea. To date, the 
e!ects of CYP3A4 and CYP3A5 genetic polymorphisms have only been studied in trials with a small 
sample size and with regards to PD and PK. Little is known about the clinical e!ects of CYP3A4 and 
CYP3A5 polymorphisms with respect to ticagrelor e#cacy. Our study aims to assess the e!ects of the 
CYP3A4*22 allele and CYP3A5 expressor status in ticagrelor treated patients with a myocardial infarction, 
with respect to clinical endpoints and the most common side-e!ect dyspnea.
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METHODS
Study design and patient population
The rationale and design of the POPular Genetics trial have been described previously.8 In brief, the 
POPular Genetics was a randomized, open-label, multicenter controlled trial involving 2,488 patients 
with ST-segment elevation myocardial infarction (STEMI) undergoing primary percutaneous coronary 
intervention (PCI). Patients were randomized to CYP2C19 genotyping or routine ticagrelor or prasugrel 
treatment. In the genotyping group, patients carrying a CYP2C19*2 or *3 loss-of-function allele were 
prescribed ticagrelor or prasugrel, and patients without a CYP2C19*2 or *3 allele received clopidogrel. 
Patients were followed until 1 year after admission and all endpoints were adjudicated by a blinded event 
committee. The aim of the study was to compare CYP2C19 genotype-guided antiplatelet therapy to a 
non-tailored strategy in terms of net clinical bene!t, safety and cost-e"ectiveness.9 An additional blood 
sample was collected and stored for further (genetic) analysis. Written informed consent was obtained 
from each patient. The institutional review boards of all participating centers approved the protocol of 
the POPular Genetics study. The current study complies with the principles of the Declaration of Helsinki.

DNA sampling
Blood samples were collected during the POPular Genetics trial from the majority of patients in both 
treatment groups. After completion of the trial, CYP3A4*22 (rs35599367) and CYP3A5*3 (rs776746) 
genotyping was performed by LGC Biosearch Technologies (Hoddesdon, United Kingdom) using 
a kompetitive allele speci!c (KASP) genotyping assay. CYP2C19*2 and *3 genotyping was already 
performed during the initial study.10

Analyses
Each patient was classi!ed into CYP3A4*22 carrier (carrying at least one CYP3A4*22 allele) and CYP3A4*22 
non-carrier, and CYP3A5 non-expressor (homozygous for the CYP3A5*3 allele) versus CYP3A5 expressor 
(CYP3A5*1/*1 or *1/*3). Patients without blood sample or incomplete genotyping results were excluded 
from the analyses. In addition, patients treated with clopidogrel or prasugrel were excluded.
 Three di"erent analyses were performed. Because of the previous studies showing a signi!cant 
e"ect on platelet inhibition in CYP3A4*22 carriers we !rst compared CYP3A4*22 carriers with CYP3A4*22 
non-carriers, irrespective of CYP3A5 or CYP2C19 status. In order to gain knowledge regarding the sole 
function of CYP3A5 the second analysis was performed in patients not carrying a CYP3A4*22 allele 
(CYP3A4*1/*1), comparing CYP3A5 non-expressors with CYP3A5 expressors. Third, we compared fast 
CYP3A metabolizers (de!ned as patients being both CYP3A4*22 non-carrier and CYP3A5 expressor) with 
CYP3A reduced metabolizers (CYP3A4*22 carriers and CYP3A5 non-expressors).

Clinical endpoints
The number of patients available for analysis was not prospectively powered and was based on 
the number of patients in the original trial of whom the CYP3A4 and CYP3A5 genotyping results 
were available. There were two primary endpoints: a combined thrombotic endpoint, consisting of 
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cardiovascular death, myocardial infarction, de!nite stent thrombosis and stroke, and a bleeding 
endpoint, consisting of Platelet Inhibition and Patient Outcomes (PLATO) major and minor bleeding. 
Furthermore, the individual components of the thrombotic and bleeding endpoint were analyzed as 
secondary endpoints. The secondary endpoint was the cessation or switching of ticagrelor to a di"erent 
P2Y12 inhibitor due to dyspnea.

Statistical methods
Continuous variables are presented as mean and standard deviation (SD), or median and interquartile 
range (IQR), based on distribution pattern. Discrete variables are presented as frequencies and percentages 
(%). The Mann-Whitney or student’s t-test and Chi-square test were used to compare continuous and 
categorical variables, respectively. A p-value below 0.05 was considered statistically signi!cant. Kaplan 
Meier curves were estimated and used to graphically assess the primary endpoints and the log-rank 
test was used to calculated the p-values. Cox proportional hazard models were used to calculate crude 
and adjusted hazard ratio’s (HR) and the 95% con!dence interval (CI). Logistic regression analyses were 
used to calculate crude and adjusted odds ratio’s (OR) and the 95% CI. To adjust for baseline di"erences, 
all baseline di"erences with a p-value <0.15 were candidate for univariate regression. If there was a 
signi!cant correlation (p < 0.10) in the univariate analysis, these baseline characteristics were selected for 
the multivariate regression analysis. All variables with a remaining p < 0.10 in the multivariate regression 
analysis were considered as confounders in the regression model. All analyses were performed using 
SPSS version 26 (SPSS Inc., Chicago, IL, United States ).

RESULTS

Patient characteristics
The initial POPular Genetics study cohort, recruiting patients from May 2012 until April 2018, consisted 
of 2,488 patients (100%). Using additional genotyping after study completion, CYP3A4*22 and CYP3A5*3 
were successfully genotyped in 1,974 patients (79.3%). Genotypes for CYP3A4 and CYP3A5 could not be 
obtained in 514 patients (21.7%) due to assay failure or lack of a blood sample. From this cohort, a total 
of 1,281 patients (64.8%) were treated with ticagrelor. This patient cohort had a complete follow-up and 
was used for the current analyses (#owchart is presented in Figure 1). The mean age was 61.4 ± 11.4 
years; 23.4% of patients were female. A total of 147 patients (11.5%) had the CYP3A4*1/ *22 genotype, 
!ve (0.4%) had the CYP3A4*22/*22 genotype. The remaining 1,129 patients (88.1%) were classi!ed as 
CYP3A4*1/*1 (wild type) genotype. Furthermore, in CYP3A4*1/*1 patients, 178 patients (15.7%) had the 
CYP3A5*1/*3 genotype, 17 patients (1.5%) the CYP3A5*1/*1 genotype, and 926 (82.0%) patients the 
CYP3A5*3/*3 genotype.
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Figure 1. Flowchart of the POPular Genetics CYP3A4 and CYP3A5 sub study.

 In Table 1 the baseline characteristics of CYP3A4*22 carriers versus non-carriers are presented. In 
the CYP3A4*22 groups, all variables were balanced in baseline characteristics, except for a signi!cant 
higher frequency of females (30.3% vs. 22.5%; p = 0.03), prior stroke or TIA (5.3% vs. 2.6%; p = 0.06), more 
common use of AT-II antagonists (13.2% vs. 9.0%; p = 0.10), and statin use (98.7% vs. 96.5%; p = 0.15). 
Furthermore, the CYP3A4*22 carriers more often had bifurcation lesions when compared to CYP3A4*22 
non-carriers, (9.9% vs. 19.4%; p = 0.01) (Supplementary Table S1). Supplementary Table S2 and 
Supplementary Table S3 present the variables used in the univariate and multivariate regression 
analysis based on the CYP3A4 status with regards to the bleeding endpoint.



EFFECTS OF CYP3A4*22 AND CYP3A5 ON CLINICAL OUTCOME IN PATIENTS TREATED WITH TICAGRELOR

99

6

 In the CYP3A5 groups, all variables were balanced in baseline characteristics, except for a signi!cant 
higher prevalence of prior CABG (3.1% vs. 0.9%; p = 0.01). CYP3A5 expressors had a numerically higher 
BMI (28.1 vs. 27.1; p = 0.10) and a numerically higher prevalence of prior stroke or TIA (4.1% vs. 2.2%; p = 
0.10). The baseline characteristics of the CYP3A5 expressor versus non-expressor patients can be found 
in Supplementary Table S1A. Supplementary Table S4 and Supplementary Table S5 present the 
variables used in the univariate and multivariate regression analysis based on the CYP3A5 status with 
regards to the bleeding endpoint.

Table 1. Baseline characteristics of ticagrelor treated patients according to CYP3A4 status.

All patients  

N = 1281

CYP3A4*22  
non carriersa

N = 1129

CYP3A4*22 
carriers  
N = 152

p-value

Age (yrs.), mean ± SD 61.4 ± 11.4 61.3 ± 11.4 62.1 ± (11.2) 0.41

Body mass index (kg/m2), mean ± SD 27.3 ± 6.7 27.4 ± 7.0 26.8 ± 3.8 0.33

Female sex, n (%) 300 (23.4) 254 (22.5) 46 (30.3) 0.03*

Medical history, n (%)

Current or former smoker (%) 573 (44.7) 502 (44.4) 71 (46.7) 0.43

Hypertension (%) 502 (39.2) 445 (39.4) 57 (37.5) 0.65

Hyperlipidemia (%) 260 (20.3) 235 (20.8) 25 (16.4) 0.21

Diabetes mellitus (%) 139 (10.9) 120 (10.6) 19 (12.5) 0.49

Chronic kidney disease (%)b 106 (8.3) 94 (8.3) 12 (7.9) 0.75

Peripheral arterial disease 28 (2.2) 22 (1.9) 6 (3.9) 0.11

Coronary artery diseasec 131 (10.2) 119 (10.5) 12 (7.9) 0.31

Relevant bleeding 29 (2.3) 26 (2.3) 3 (2.0) 0.80

Prior stroke or TIA 37 (2.9) 29 (2.6) 8 (5.3) 0.06*

Prior myocardial infarction 99 (7.7) 91 (8.1) 8 (5.3) 0.23

Prior PCI 99 (7.7) 90 (8.0) 9 (5.9) 0.37

Prior CABG 15 (1.2) 14 (1.2) 1 (0.7) 0.53

Clinical presentation

Heart rate (bpm), mean ± SD 73.4 ± 14.6 73.2 ± 14.6 74.8 ± 13.2 0.20

Systolic BP (mmHg), mean ± SD 132.5 ± 20.4 132.6 ± 20.5 132.2 ± 19.9 0.82

Serum creatinine (µmol/L), mean ± SD 79.7 ± 20.4 79.9 ± 20.6 78.1 ± 18.5 0.29

Killip class, n (%)II-IV 9 (0.7) 8 (0.7) 1 (0.7) 0.98

Length of hospital stay (days), mean ± SD 3.2 ± 2.4 3.2 ± 2.5 3.1 ± 1.9 0.73

Discharge medication, n (%)

Aspirin 1255 (98.0) 1104 (97.8) 151 (99.3) 0.20

Ticagrelor 1281 (100.0) 1129 (100.0) 152 (100.0) —

Vitamin K antagonist 0 (0.0) 0 (0.0) 0 (0.0) —

Novel oral anticoagulant 3 (0.2) 3 (0.3) 0 (0.0) 0.53
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ACE inhibitor 1006 (78.5) 888 (78.7) 118 (77.6) 0.77

AT-II antagonist 122 (9.5) 102 (9.0) 20 (13.2) 0.10*

Beta blocker 1134 (88.5) 996 (88.2) 138 (90.8) 0.35

Statin 1239 (96.7) 1089 (96.5) 150 (98.7) 0.15

Proton Pump Inhibitor 958 (74.8) 840 (74.4) 118 (77.6) 0.39

CYP2C19 LoF carrierd 321 (68.6) 294 (68.9) 27 (65.9) 0.69

CYP3A4 genotype (n, %)

*1/*1 1129 (88.1) 1129 (100.0) 0 (0.0) —

*1/*22 147 (11.5) 0 (0.0) 147 (96.7) —

*22/*22 5 (0.4) 0 (0.0) 5 (3.3) —

CYP3A5 genotype (n,%)

*3/*3 1065 (83.1) 926 (82.0) 139 (91.4) —

*1/*3 189 (14.8) 178 (15.8) 11 (7.2) —

*1/*1 18 (1.4) 17 (1.5) 1 (0.7) —

TIA, transient ischemic attack; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; bpm, 
beats per minute; BP, blood pressure; ACE, indicates angiotensin-converting enzyme; AT II, angiotensin II; BMI, body 
mass index; creatinine clearance was calculated with the use of the CKD-EPI, formula. aCYP3A4*22 non-carriers exists 
out of patients with the CYP3A4*1/*1 genotype, CYP3A4*22 carriers exists out of patients with the CYP3A4*1/*22 
and CYP3A4*22/*22 genotype. bChronic kidney disease are patients with an estimated glomerular !ltration rate <60 
ml/min/1.73 m2 cCoronary artery disease is de!ned as an obstruction of >50% in the epicardial coronary arteries. 
dCYP2C19 LOF, carrier indicates the presence of CYP2C19*2 or CYP2C19*3 alleles, this was known in 427 CYP3A4*22 
non-carriers and 41 carriers. *Variables with a p-value <0.10 which are used for the multivariate analysis.

 
Clinical impact of CYP3A4*22 carrier status
For this analysis, 152 patients carrying a CYP3A4*22 allele and 1,129 patients with a CYP3A4*1/*1 
genotype were compared (Table 2). No signi!cant di"erences were observed between the two groups 
for the combined thrombotic endpoint [1.3% vs. 2.5%, adjusted HR 1.81 (0.43–7.62), p = 0.42; 2B], 
or the combined bleeding endpoint [13.2% vs. 11.3%, adjusted HR 0.93(0.58–1.50), p = 0.77; Figure 
2A]. With regards to dyspnea, 194 patients switched from ticagrelor to another P2Y12 inhibitor or 
discontinued P2Y12-therapy. We observed no signi!cant di"erences between the groups with respect 
to the occurrence of dyspnea: 44.0% in CYP3A4*22 carriers, and 45.0% in CYP3A4*22 non-carriers [OR 
1.04 (0.45–2.42), p = 0.93, Supplementary Figure S6 and Supplementary Figure S7]. No multivariate 
analysis was performed, because no signi!cant confounders were presented by the univariate analysis.

Table 1. Continued 
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Table 2. Clinical endpoint for CYP3A4 in patients treated with ticagrelor.

CYP3A4*22 
carriers

(N=152)

CYP3A4*22 
non-carriers

(N=1129)

Unadjusted 
Hazard ratio

(95% CI)

Adjusted 
Hazard ratio

(95% CI)¥

Adjusted 
p-value

Thrombotic endpoint 
No. of patients (%)

Cumulative 
incidence

Cumulative 
incidence

Cardiovascular death, MI, 
de!nite ST, and stroke

2 (1.3) 28 (2.5) 1.87 [0.45-7.8] 1.81 [0.43-7.62] 0.42

Cardiovascular death 0 (0.0) 6 (0.5) 0.99

Stroke 2 (1.3) 8 (0.7) 0.36

Myocardial infarction

Spontaneous MI 2 (1.3) 41 (3.6) 0.17

De!nite ST 2 (1.3) 7 (0.6) 0.99

Bleeding endpoint

PLATO major and minor 
bleeding

20 (13.2) 128 (11.3) 0.85 [0.53-1.36] 0.93 [0.58 – 1.50] 0.77

PLATO major 4 (2.6) 16 (1.4) 0.89

PLATO minor 16 (10.5) 112 (9.9) 0.91

Side e!ect - No. of 
patients (%)

Cumulative 
incidence

Cumulative 
incidence

Unadjusted 
Odds Ratio

Unadjusted 
p-value

Dyspneaa 11 (44.0) 76 (45.0) 1.04 [0.45-2.42] 0.93

ST, stent thrombosis; MI, myocardial infarction; PLATO, Platelet Inhibition and Patient Outcomes

¥ Signi!cant variables are shown in Supplementary Table 2 and 3, adjustments were made for the covariate statins as 
confounder for the thrombotic endpoints. With regards to the bleeding endpoint adjustments were made for prior 
stroke and peripheral arterial disease. a The total percentages were calculated based on all 194 patients who switched 
from ticagrelor to another P2Y12 inhibitor or discontinued treatment. No multivariate analysis was performed, 
because no signi!cant confounders were presented by the univariate analysis.
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Figure 2. Endpoints of ticagrelor treated patients with regards to the combined thrombotic and bleeding endpoint 
for CYP3A, CYP3A4 and CYP3A5 status. 

Kaplan-Meier curves for (A) the combined bleeding endpoint, de!ned as PLATO major and minor bleeding in 
CYP3A4*22 carriers versus non-carriers, for (B) the combined thrombotic endpoint, de!ned as cardiovascular death, 
myocardial infarction, de!nite stent thrombosis, and stroke in CYP3A4*; 22 carriers versus non carriers, for (C) the 
combined bleeding endpoint in CYP3A5 expressors versus non-expressors, for (D) the combined thrombotic 
endpoint in CYP3A5 expressors versus non-expressors, for (E) the combined bleeding endpoint in CYP3A fast 
metabolizers versus reduced metabolizers and for (F) the combined thrombotic endpoint in CYP3A fast metabolizers 
versus reduced metabolizers.
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Clinical e!ect of CYP3A5 expressor
In this analysis, 196 CYP3A5 expressors (with a CYP3A5*1/1 or CYP3A5*1/*3 genotype) and 926 CYP3A5 
non-expressors (patients with a CYP3A5*3/*3 genotype) were compared (Table 3). No signi!cant 
di"erences were found between the two groups for the combined thrombotic endpoint [2.6% vs. 2.5%, 
adjusted HR 1.03 (0.39–2.71), p = 0.95; Figure 2D], or the combined bleeding endpoint [12.8% vs. 10.9%, 
adjusted HR 1.13 (0.73–1.76), p = 0.58; Figure 2C]. With respect to dyspnea, 168 patients switched from 
ticagrelor to another P2Y12 inhibitor or discontinued P2Y12-therapy. No signi!cant di"erences were 
found between CYP3A5 non-expressors versus expressors [47.8% versus 35.3% OR 0.60 (0.27–1.30), p = 
0.20; Supplementary Figure S8 and Supplementary Figure S9].

Table 3. Clinical Endpoint for CYP3A5 in patients treated with ticagrelor  

Ticagrelor treated patients with CYP3A4*22 non-carriers

Endpoint
CYP3A5 non-
expressorsa

(N=926)

CYP3A5 
expressorsa 

(N=196)

Unadjusted 
Hazard ratio

(95% CI) ¥

Unadjusted 
p-value

Adjusted 
p-value

Thrombotic endpoints -  
No. of patients (%)

Cumulative 
incidence

Cumulative 
incidence

Cardiovascular death, MI, 
de!nite ST, and stroke

23 (2.5) 5 (2.6 ) 1.03 [0.39-2.71] 0.95

Cardiovascular death 6 (0.6) 0 (0.0) 0.48

Stroke 7 (0.8) 0 (0.0) 0.44

Myocardial infarction

Spontaneous MI 30  (3.2) 10 (5.1) 0.20

De!nite ST 6 (0.6) 1 (0.5) 0.88

Bleeding endpoints - 
No. of patients (%)

CYP3A5 non-
expressors

(N=926)

CYP3A5 
expressors 

N=196

Unadjusted 
Hazard ratio

(95% CI)

Adjusted 
Hazard ratio

(95% CI)¥

Adjusted 
p-value

PLATO major and minor 
bleeding

101 (10.9) 25 (12.8) 1.15 [0.74-1.77] 1.13 [0.73-1.76] 0.58

PLATO major 16 (1.7) 0 (0.0)

PLATO minor 85 (9.2) 25 (12.8) 1.45 [0.92-2.30] 0.45 [0.92-2.29] 0.11

Side-e!ects - 
No. of patients (%)

Cumulative 
incidence

Cumulative 
incidence

Unadjusted 
Odds Ratio

Unadjusted 
p-value

Dyspneab 64 (47.8) 12 (35.3) 0.60 [0.27-1.30] 0.20

ST, stent thrombosis; MI, myocardial infarction; PLATO, Platelet Inhibition and Patient Outcomes ¥ No confounders 
were chosen based on the univariate and multivariable cox regression models for the individual trombotic endpoints. 
For the bleeding endpoints the covariate prior stroke or TIA was used to adjust for confounders, see table 4 and 5 from 
the supplementary. aCYP3A5 non-expressors are patients with the genotype CYP3A5*3/*3. b The total percentages 
were calculated based on all 168 patients who switched from ticagrelor to another P2Y12 inhibitor or discontinued 
treatment.
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Clinical e!ect of CYP3A fast metabolizers
In this analysis, 195 CYP3A fast metabolizers (with both a CYP3A4*1/*1 and CYP3A5*1/1 or CYP3A5*1/*3 
genotype) and 1,094 CYP3A reduced metabolizers (patients with a CYP3A4*1/*22 or CYP3A4*22/*22 
and CYP3A5*3/*3 genotype) were compared (Table 4). No signi!cant di"erences were found between 
the two groups for the combined thrombotic endpoint [2.6% vs. 2.3%, HR 1.13 (0.43–2.95), p = 0.81; 
Figure 2F], or the combined bleeding endpoint [12.8% vs. 11.2%, adjusted HR 1.13 (0.73–1.73), p = 0.59; 
Figure 2E]. With respect to dyspnea, 195 patients switched from ticagrelor to another P2Y12 inhibitor 
or discontinued P2Y12-therapy. No signi!cant di"erences were found between CYP3A fast metabolizers 
versus reduced metabolizers [35.3% versus 47.2%, OR 0.60 (0.28–1.32), p = 0.21; Table 4].

Table 4. Clinical endpoint for CYP3A fast metabolizers versus CYP3A reduced metabolizers in patients treated with 
ticagrelor  

CYP3A fast 
metabolizersa

(N=195)

CYP3A 
reduced 

metabolizersa

(N=1094)

Hazard ratio
(95% CI)

P-value

Thrombotic endpoint No. of patients (%) Cumulative 
incidence

Cumulative 
incidence

Cardiovascular death, MI, de!nite ST, and 
stroke

5 (2.6) 25 (2.3) 1.13 [0.43-2.95] 0.81

Cardiovascular death 0 (0.0) 6 (0.6) 0.17

Stroke 0 (0.0) 9 (0.8) 0.09

Myocardial infarction

Spontaneous MI 5 (2.6) 13 (1.2) 0.17

De!nite ST 1 (0.5) 8 (0.7) 0.99

Thrombotic endpoint No.  
of patients (%)
PLATO major and minor bleeding 25 (12.8) 123 (11.2) 1.13 [0.73-1.73] 0.59

PLATO major 0 (0.0) 20 (1.8) 0.06

PLATO minor 25 (12.8) 103 (9.4) 0.15

Cumulative 
incidence

Cumulative 
incidence

Unadjusted 
Odds Ratio

Dyspneab 12 (35.3) 76 (47.2) 0.61 [0.28-1.32] 0.21

ST, stent thrombosis; MI, myocardial infarction; PLATO, Platelet Inhibition and Patient Outcomes. aCYP3A fast metabolizers is de!ned 

by CYP3A4*22 non-carriers and CYP3A5 non-expressors. CYP3A4 reduced metabolizers is de!ned by CYP3A4*22 carriers and CYP3A5 

expressors. bThe total percentages were calculated based on all 195 patients who switched from ticagrelor to another P2Y12 inhibitor 

or discontinued treatment.
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DISCUSSION

In this analysis, STEMI patients treated with ticagrelor who were carrier of a CYP3A4*22 allele showed no 
statistical signi!cant di"erence in thrombotic or bleeding rates compared to CYP3A4*22 non-carriers. 
The same holds true for patients who were CYP3A5 expressor versus CYP3A5 non-expressor, adjusted for 
CYP3A4*22 genotype (as only CYP3A4*22 non-carriers were considered), and for CYP3A fast metabolizer 
versus CYP3A reduced metabolizer patients. Additionally, there was no signi!cant di"erence in the rate 
of dyspnea in relation to the SNP’s mentioned. Nevertheless, the number of patients with a thrombotic 
event was numerically higher in the CYP3A4*22 non-carrier group, while bleeding was numerically lower. 
While no de!nite conclusions can be drawn based on a numerical trend, our data shows a direction of 
e"ect as was expected based on the rationale of the study analysis. Although our study population was 
relatively large, the number of patients carrying a CYP3A4*22 allele was low, and therefore a recessive 
model had to be used (comparing CYP3A4*1/*1 to *1/*22 plus *22/*22), diluting a possible e"ect of the 
CYP3A4*22 polymorphism. Analysis in a much larger patient cohort, using a dominant gene model, will 
be necessary to achieve adequate statistical power to draw de!nite conclusion.

CYP3A4*22 carriers
Earlier pharmacodynamic studies demonstrated a signi!cant increase in ticagrelor concentration 
in CYP3A4*22 carriers; however, these studies did not evaluate clinical endpoints for the CYP3A4*22 
allele and GYP3A5 expressor statu.11,12 For example, a study performed by Holmberg et al. in 19 healthy 
volunteers with the CYP3A4*1/*1 genotype and six with the CYP3A4*1/*22 genotype found that the 
AUG of ticagrelor was 89% higher in CYP3A4*22 carriers than in *22 non-carriers, and *22 carriers 
showed more pronounced platelet inhibition (antiplatelet activity was tested with turbidimetric optical 
detection using the VerifyNow) 24 h after administration of a single dose of ticagrelor (43% vs. 21%, p = 
0.029).7 They concluded that the CYP3A4*22 allele markedly impairs ticagrelor elimination, enhancing its 
antiplatelet e"ect, which could potentially lead to a higher risk for bleeding.

CYP3A5 expressor status
Liu et al. studied the e"ect of CYP3A5*3 on platelet reactivity.3 Only a minor impact of CYP3A5*3 on 
platelet reactivity was found, which led the authors to conclude that there should be no dosage 
adjustment based on this allele.

Other genetic in!uences on ticagrelor
Varenhorst et al. performed a genome-wide association study (GWAS) with patients treated with 
ticagrelor in the PLATO trial, which was the landmark trial demonstrating the clinical e"ect of ticagrelor 
in AGS patients.12,13 Using a discovery cohort (n = 1,812) and a replication cohort (n = 1,941), three 
genetic loci were found to be of genome wide signi!cance (CYP3A4, SLC O 1B1, UGT2B7) for ticagrelor 
pharmacokinetics in this AGS patient cohort. The modest e"ects of these loci on ticagrelor plasma 
levels did not translate into any detectable e"ect on the primary composite endpoints, non-GABG-
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related bleeding, or patient-reported dyspnea. The CYP3A4 SNP included in the GWAS, however, 
was the CYP3A4*7 allele (rs56324128), while the CYP3A4*22 allele was not included.14 The CYP3A4*22 
(rs35593367G>T) polymorphism results in an amino acid substitution and has been shown to impair the 
enzymatic function of GYP3A4, which result in a reduction in the elimination of ticagrelor; the function 
of the CYP3A4*7 allele is unkown.6,15 In this study GYP3A4*7 was not determined, and therefore was 
not taken into account. There are currently no other studies known to the authors that evaluated the 
in!uence of CYP3A4*22 or CYP3A5*3 on clinical endpoints in patients using ticagrelor.6

Clinical relevance
Treatment regimens based on pharmacogenetic data are used more often in clinical practice, and have 
been shown to be important in STEMI patients treated with clopidogrel, based on CYP2C19 genotype.9 
While treatment with antiplatelet drugs is a constant balancing act between e"cacy (preventing 
thrombotic events) and safety (preventing bleeding events), any new factors in!uencing this balance 
might help to #nd the optimal balance for the individual patient.12

Limitations
This study has several important limitations. First, this was a sub study of a larger randomized trial; 
therefore, it was not powered for the primary endpoints. As mentioned above with respect to CYP3A4*22 
analysis, the low number of patients being homozygous for the CYP3A4*22 allele led to the use of a 
recessive model (comparing CYP3A4*1/*1 to *1/*22 and *22/*22) instead of a dominant model. Therefore, 
a possible e$ect limited to patients homozygous for the CYP3A4*22 allele or GYP3A5 expressor status 
might have been underestimated or missed. Second, the use of strong GYP3A4 inhibitors or inducers, 
other than statins, could not be accounted for, and could potentially have in!uenced the results. Finally, 
Varenhorst et al. found an association between other genetic loci, such as UGT2B7 and SLCO1B1, and 
plasma ticagrelor levels, although there is no direct evidence for whether UGT2B7 or SLCO1B1 is involved 
in ticagrelor metabolism.12 Those SNP’s were not available for analysis in our patient cohort. In addition, 
the POPular Genetics trial randomized patients to genotyping versus conventional treatment. Therefore, 
CYP2C19 genotype is not normally distributed over this study group, supposing that CYP2C19 has no 
clinically relevant e$ect on ticagrelor there could still be a possible e$ect on CYP3A4 or CYP3A5. The 
baseline shows that there is no signi#cant di$erence between the two groups. Therefore, no further 
adjustments were made and the clinical e$ect is expected to be minimal.
 Although the above limitations are clear, we feel that the unique nature of these data on SNP’s in 
relation to clinical endpoints in ticagrelor treated ACS patients contributes to the understanding of the 
genetic in!uences of the CYP3A locus on ticagrelor metabolism and their impact on clinical endpoints.
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CONCLUSION

The CYP3A4*22 polymorphisms and CYP3A5 expressor status in ticagrelor treated patients presenting 
with STEMI did not show a statistical signi!cant association with bleeding or thrombotic events in this 
analysis. In addition, no association was found between CYP3A4 or CYP3A5 genotypes and dyspnea.
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ABSTRACT 

Aims
Dual-antiplatelet therapy (DAPT) with aspirin and a potent P2Y12 inhibitor is the standard treatment for 
patients with acute coronary syndrome (ACS) undergoing percutaneous coronary intervention (PCI). De-
escalation of the potent P2Y12 inhibitor is an appealing concept to balance the ischaemic and bleeding 
risks after PCI. An individual patient data meta-analysis was performed to compare de-escalation versus 
standard DAPT in patients with ACS.

Methods and results
Electronic databases, including PubMed, Embase, and the Cochrane database, were searched to identify 
randomised clinical trials (RCTs) comparing the de-escalation strategy with the standard DAPT after 
PCI in patients with ACS. Individual patient-level data were collected from the relevant trials. The co-
primary endpoints of interest were the ischaemic composite endpoint (a composite of cardiac death, 
myocardial infarction, and cerebrovascular events) and bleeding endpoint (any bleeding) at 1-year post-
PCI. Four RCTs (the TROPICAL-ACS, POPular Genetics, HOST-REDUCE-POLYTECH-ACS, and TALOS-AMI 
trials) including 10 133 patients were analysed. The ischaemic endpoint was signi!cantly lower in the 
patients assigned to the de-escalation strategy than in those assigned to the standard strategy (2.3% vs. 
3.0%, hazard ratio [HR] 0.761, 95% con!dence interval [CI] 0.597-0.972, log rank P = 0.029). Bleeding was 
also signi!cantly lower in the de-escalation strategy group (6.5% vs. 9.1%, HR 0.701, 95% CI 0.606¬0.811, 
log rank P < 0.001). No signi!cant intergroup di"erences were observed in terms of all-cause death and 
major bleeding events. Subgroup analyses revealed that compared to guided de-escalation, unguided 
de-escalation had a signi!cantly larger impact on bleeding endpoint reduction (P for interaction = 
0.007); no intergroup di"erences were observed for the ischaemic endpoints.

Conclusion
In this individual patient data meta-analysis, DAPT-based de-escalation was associated with both 
decreased ischaemic and bleeding endpoints. Reduction in bleeding endpoints was more prominent 
for the unguided than the guided de-escalation.
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INTRODUCTION

Dual antiplatelet therapy (DAPT), consisting of aspirin and a potent P2Y12 inhibitor, is the standard 
treatment strategy after percutaneous coronary intervention (PCI) for patients with acute coronary 
syndrome (ACS).1 Platelet inhibition for reducing thrombotic complications is essential within the 
!rst year after PCI, especially in those with high thrombotic risk such as ACS. Although potent P2Y12 
inhibitors have proven bene!cial for reducing the ischaemic outcomes, they are inherently associated 
with an increased risk of bleeding. Bleeding complications in these patients are not benign, because 
they have been associated with higher mortality and morbidity.2 The increased bleeding risk can 
particularly outweigh the thrombotic risk after the acute phase when thrombotic risk signi!cantly 
decreases.3 Various antiplatelet strategies have been studied to reduce adverse outcomes by taking into 
account the change over time in the thrombotic and bleeding risks and balance the relative trade-o".3 
Among these, DAPT de-escalation, which is de!ned as switching be-tween oral P2Y12 inhibitors from 
a more potent to a less potent agent, may be a promising method and has been evaluated in various 
trials.4 Such de-escalation strategies, including both guided and un-guided, have been included in the 
recent guidelines.1,5 Previous study-level meta-analyses of randomized clinical trials (RCTs) have reported 
the outcomes of de-escalation strategies. However, these analyses focused on vastly heterogeneous 
strategies, wherein obtaining meaningful insights into the individual strategies was prohibitive.6-8 
Because of the inherent limitation of study-level analyses, investigators could not account for the 
time-dependent risk of de-escalation nor could they assess heterogeneity among studies for various 
outcomes. The absence of patient-level data prohibits the assessment of various characteristics that are 
related to safety and e#cacy outcomes, including the individual ischaemic and bleeding risk pro!le.9,10 
The availability of individual data would allow the investigation of the association of these factors with 
de-escalation on adverse events and identi!cation of those who could bene!t the most from de-
escalation.11 A patient-level analysis based on a large cohort is needed to provide more in-sights into 
the impact of de-escalation strategies on thrombotic and bleeding risks. Given the clinical importance 
of understanding the potential bene!ts and safety of de-escalation strategies in patients with ACS, we 
aimed to conduct an individual patient meta-analysis of RCTs evaluating a DAPT de-escalation strategy in 
patients with ACS. We also performed landmark analyses of the de-escalation time points and subgroup 
analyses to compare di"erent de-escalation methods, including guided and unguided de-escalation.

METHODS

Search strategy and selection criteria
This individual patient data meta-analysis was performed in accordance with the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses guidelines. The protocol was prospectively registered 
in the PROSPERO registry (ID: CRD42021245477). We searched the PubMed, Embase, and Cochrane 
databases to identify RCTs that evaluated the e#cacy and safety of de-escalation strategies which were 
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published before 31 December 2021. We used the following search terms: (‘acute coronary syndrome’ 
OR ‘ACS’ OR ‘myocardial infarction’) AND (‘primary’ OR ‘percutaneous coronary intervention’ OR ‘PCI’) AND 
(‘de-escalation’ OR ‘guided’ OR ‘guide’) AND (‘antiplatelet’ OR ‘P2Y12 inhibitor’ OR ‘P2Y12’ OR ‘dual anti-
platelet therapy’ OR ‘DAPT’). Multicentre RCTs that included more than 1000 patients were included, 
while there were no language restrictions. Two authors (J.K. and J.C.) independently identi!ed the 
studies that met the search criteria. Only published studies were included in the analysis; abstracts or 
conference presentations were not included. Con"icts over inclusion were resolved by consensus with 
a third author (K.W.P.). All studies were reviewed to identify any irrelevant duplicated studies. Four trials 
met the search criteria, and individual patient-level data were obtained from them. The search strategy 
is provided in the Supplementary Appendix. These data were reviewed by each trial investigator and 
com-pared with the data from previously published trials.

Study Endpoints
The co-primary endpoints for this analysis were ischaemic and bleeding endpoints at 12 months post-PCI. 
The ischaemic endpoint was a composite of cardiovascular death, non-fatal myocardial infarction, and 
cerebrovascular events. The bleeding endpoint comprised type 2 or higher bleeding events (according 
to the Bleeding Academic Research Consortium [BARC] criteria) or major or minor bleeding events 
(according to the Platelet Inhibition and Patient Outcomes [PLATO] criteria). The secondary endpoints 
were the individual components of the primary endpoints, such as all-cause death, myocardial infarction, 
stent thrombosis, repeat revascularization, stroke, major bleeding (type 3 or 5 [according to the BARC 
criteria] or major [according to the PLATO criteria]). The endpoints in each trial were de!ned according 
to the de!nitions used in the original trials and are provided in Supplementary Appendix.
 Landmark analyses were pre-speci!ed and performed to consider the potential impact of speci!c 
de-escalation time points on the clinical endpoints. Subgroup analyses of the primary endpoint were 
performed for key pre-speci!ed clinical subgroups, which included those classi!ed by age, sex, renal 
function, diabetes status, and angiographic vessel disease. The interactions between the subgroup 
status and the treatment e#ect were tested.

Data-analysis
An individual participant data meta-analysis was planned with comparisons performed on an intention-
to-treat basis. All patients received PCI for the treatment of ACS, and the time point 0 for the analysis 
was the point of randomization (after index PCI but before discharge), except for the TALOS-AMI trial 
in which randomization occurred 30±7 days post-PCI. For the TALOS-AMI trial, we used the time of PCI 
as time point 0 because the trial reported all events that occurred after PCI but before randomization. 
Continuous variables are presented as mean ± standard deviation, while categorical variables are 
expressed as counts and percentages. Continuous variables were compared using Student’s t-test, while 
categorical variables were compared using the $2 test. Adjustment for multiple hypothesis testing was 
not performed. Event rates were calculated using the Kaplan–Meier method, and a Cox proportional 
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hazard regression model was used to estimate the hazard ratios (HRs) and 95% con!dence intervals 
(CIs). The HRs, 95% CIs and P-values were calculated by the competing risk analysis based on the Fine 
and Gray method. The 95% CIs for secondary endpoints were not adjusted for multiple testing. The 
primary analysis was based on a one-stage approach, which simultaneously included all data from the 
trials using a !xed-e"ect and random-e"ect Cox regression model strati!ed by each trial. Subsequently, 
a two-stage analysis of the primary endpoints was performed through a trial-level approach with an 
inverse-variance method, based on the DerSimonian–Laird estimator for combining the trial-level 
estimates. A heterogeneity analysis was performed across the included trials by testing for an interaction 
between the trial and the treatment e"ect of the primary endpoint; this analysis was performed using 
the two-stage !xed-e"ects model with the I2 statistic and Cochran’s Q test.
 A Bayesian analysis of the co-primary endpoints at the time point of 12 months after randomization 
was also performed, assuming a non-informative prior with a uniform distribution of 0 to 1. The 
probabilities of absolute risk di"erences of 0.0%, at least 1.0%, and 2.5% in the primary endpoints 
between the two treatment arms were determined through Bayesian analysis. A two-sided P-value of 
<0.05 was considered signi!cant for all tests. All analyses were performed using CRAN R version 4.0.1 (R 
Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Our initial search yielded 1143 results; after applying the selection criteria, four RCTs (the TROPICAL-
ACS, POPular Genetics, HOST-REDUCE-POLYTECH-ACS, and TALOS-AMI trials) were !nally included in 
our meta-analysis (Figure 1). The detailed data for each trial are provided in Supplementary Appendix. 
Individual patient-level data were collected from all four RCTs. Among these RCTs, two evaluated 
guided de-escalation (the TROPICAL-ACS and POPular Genetics trials), while two evaluated unguided 
de-escalation (the HOST-REDUCE-POLYTECH-ACS and TALOS-AMI trials). All studies were considered to 
have a low bias risk (Supplementary Appendix).
 The baseline characteristics of the pooled total population are presented in Table 1. A total of 10 
133 patients were analysed, among which 5065 and 5068 patients were included in the de-escalation 
group (de-escalation DAPT strategy implemented) and the standard group (standard DAPT strategy 
implemented), respectively. During the 1-year follow-up period, 140 patients (2.8%) and 146 patients 
(2.9%) were lost to follow-up in the de-escalation group and the standard group, respectively. Adherence 
to the allocated medication was marginally higher in the de-escalation group (93.1% vs. 92.1%, P = 
0.049). The median age of the total population was 57.8 years, and 86.0%.

Clinical endpoints
During the median follow-up duration of 365 days (interquartile range [IQR]: 351–365 days), the 
cumulative incidence of the ischaemic endpoint was 2.3% (95% CI 1.9%–2.8%) in the de-escalation 
group and 3.0% (95% CI 2.6%–3.5%) in the standard group (HR 0.761, 95% CI 0.597–0.972; log-rank P = 
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0.029; Figure 2A). Two-stage approaches yielded very similar results with no inter-trial heterogeneity 
observed (I2 = 0%, !2 = 0%, Cochran’s Q = 0.30, and P = 0.959; Supplementary Appendix). The cumulative 
incidence of the bleeding endpoint was 6.5% (95% CI 5.8%–7.1%) in the de-escalation group and 9.1% 
(95% CI 8.3%–9.9%) in the standard group (HR 0.701, 95% CI 0.606– 0.811; log-rank P < 0.001; Figure 2B). 

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) " ow diagram. 
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Table 1. Baseline characteristics of the total population

Characteristic De-escalation  
(n = 5065)

Standard  
(N = 5068)

Demographics and comorbidities

Age, years 59.9 ± 10.5 59.7 ± 10.7

Male sex 4136 (81.7%) 4108 (81.1%)

Ethnicity

Caucasian 2486 (49.1%) 2488 (49.1%)

African 4 (0.1%) 3 (0.1%)

Arabian 14 (0.3%) 7 (0.1%)

Asian 2531 (50.0%) 2530 (49.9%)

Latin 11 (0.2%) 14 (0.3%)

Others 19 (0.4%) 26 (0.5%)

Height, cm 172 ± 9 172 ± 9

Body weight, kg 80.7 ± 14.9 80.6 ± 15.1

Body surface area, m! 1.96 ± 0.21 1.96 ± 0.21

Diabetes mellitus 1264 (25.0%) 1272 (25.1%)

Hypertension 2702 (53.4%) 2723 (53.7%)

Dyslipidaemia 2351 (46.4%) 2356 (46.5%)

Current smoking 1168 (23.1%) 1155 (22.9%)

Chronic kidney disease 857 (16.9%) 818 (16.2%)

Previous PCI 440 (8.7%) 480 (9.5%)

Previous CABG 65 (1.3%) 79 (1.6%)

Clinical indication of PCI

Unstable angina 689 (13.6%) 732 (14.4%)

NSTEMI 1496 (29.5%) 1494 (29.5%)

STEMI 2880 (56.9%) 2862 (56.1%)

Laboratory results

Haemoglobin, g/dl 13.1 ± 2.8 13.0 ± 2.8

Creatinine, mg/dl 0.95 ± 0.52 0.95 ± 0.48

Antiplatelet agent at discharge

Aspirin 5010 (99.2%) 5012 (99.2%)

P2Y12 inhibitor

Clopidogrel 718 (14.2%) 114 (2.2%)

Prasugrel 2449 (48.4%) 2467 (48.7%)

Ticagrelor 1888 (37.3%) 2477 (48.9%)
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Antiplatelet agent at the de-escalation period

Aspirin 4980 (98.3%) 5010 (98.9%)

P2Y12 inhibitor

Clopidogrel 2835 (56.0%) 205 (4.0%)

Prasugrel 1611 (31.8%) 2345 (46.3%)

Ticagrelor 542 (10.7%) 2486 (49.1%)

Angiographic data per patient

Extent of CAD

1-vessel disease 2222 (58.4%) 2220 (58.2%)

2-vessel disease 1013 (26.5%) 1004 (26.3%)

3-vessel disease 582 (15.2%) 591 (15.5%)

Left main disease 121 (2.4%) 108 (2.1%)

Total number of implanted stents 1.0 [IQR 1.0–2.0] 1.0 [1.0–2.0]

Implanted stents !3 1545 (30.5%) 1

PCI-treated coronary artery

Left main 90 (1.8%) 83 (1.8%)

Left anterior descending artery 2341 (46.2%) 2297 (45.3%)

Left circum"ex artery 887 (17.5%) 965 (19.0%)

Right coronary artery 1740 (34.4%) 1695 (33.4%)

CABG, coronary artery bypass graft surgery; CAD, coronary artery disease; NSTEMI, non-ST-elevation myocardial 
infarction; PCI, percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction. Data are presented as 
mean ± standard deviation, n (%), or median [interquartile range].

Figure 2. Cumulative analysis of the ischaemic endpoint and bleeding endpoint. 

The Kaplan–Meier analysis curves of patients who received de-escalation strategy and standard strategy are shown 
for the ischaemic endpoint (A) and bleeding endpoint (B).

Table 1. Continued



DUAL ANTIPLATELET THERAPY DE-ESCALATION IN ACS: AN INDIVIDUAL PATIENT META-ANALYSIS

119

7

There was a trend for inter-trial heterogeneity, which did not reach the level of statistical signi!cance (I2 
= 56.6%, Cochran’s Q = 6.91, and P = 0.075; Supplementary Appendix). The absolute risk di"erences 
at 12 months were 0.7% (95% CI 0.3%–1.1%) for the ischaemic endpoint and 2.6% (95% CI 1.9%–3.3%) 
for the bleeding endpoint. The cumulative incidences of the secondary endpoints are shown in Table 
2, along with the competing risk for all endpoints except for mortality. The 1-year mortality rate was 
similar between the de-escalation and standard groups (1.0% [51/5065] vs. 1.1% [55/5068]; HR 0.925, 
95% CI 0.632–1.354, log-rank P = 0.687). The incidence of ischaemic endpoints, including non-fatal 
myocardial infarction, cerebrovascular events, repeat revascularisation and stent thrombosis, were also 
similar between the de-escalation and standard groups. For major bleeding events, the incidence was 
numerically lower in the de-escalation group, but the di"erence did not reach statistical signi!cance. No 
signi!cant inter-trial heterogeneity was observed for the secondary endpoints in a two-staged approach 
(Supplementary Appendix).
 As a sensitivity analysis, a landmark analysis was performed at the speci!c time point of de-
escalation, which was unique for each study. Overall, the results were consistent with the original 
analysis. The risks of the ischaemic endpoint (HR 0.768, 95% CI 0.595–0.991; log-rank P = 0.041) and the 
bleeding endpoint (HR 0.693, 95% CI 0.596–0.807; logrank P < 0.001) were signi!cantly lower in the de-
escalation group than in the standard group (Supplementary Appendix). 
 Bayesian analysis revealed that the absolute risk di"erence for the bleeding events between the 
two groups was 2.48% (95% credible interval: 1.47%–3.51%). The probability that the bleeding events 
were more common in the standard group was 99.9%. More speci!cally, there was a 99.8% probability 
that the absolute risk di"erence in the bleeding events was at least 1.0%, and a 48.3% probability that 
the absolute risk di"erence for the bleeding events was at least 2.5%. Furthermore, the absolute risk 
di"erence for the ischaemic events between the two groups was 0.69% (95% credible interval: 0.07%–
1.31%). The probability that the ischaemic events were more common in the standard group was 98.5%, 
with a 16.2% probability that the absolute risk di"erence was at least 1.0% (Figure 3).
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Table 2. Clinical outcomes of the intention-to-treat population

De-escalation 
(N = 5065)

Standard (N = 
5068) P-valuea

Hazard ratiob 
(95% con!dence 

interval)
P-valueb

% (No. of patients)*

Primary endpoints

Ischaemic endpointc 2.3% (114) 3.0% (149) 0.029 0.76 (0.60–0.97) 0.029

Bleeding endpointd 6.5% (312) 9.1% (438) <0.001 0.70 (0.61–0.81) <0.001

All-cause death 1.0% (51) 1.1% (55) 0.698 0.92 (0.63–1.35) 0.687

Cardiovascular death 0.5% (26) 0.7% (38) 0.133 0.68 (0.41–1.12) 0.132

Non-cardiovascular death 0.5% (25) 0.3% (17) 0.215 1.46 (0.79–2.71) 0.222

Non-fatal myocardial infarction 1.2% (62) 1.6% (82) 0.094 0.75 (0.54–1.05) 0.089

Cerebrovascular events 0.6% (30) 0.8% (39) 0.278 0.77 (0.48–1.24) 0.273

Major bleedinge 1.2% (60) 1.4% (71) 0.335 0.84 (0.60–1.19) 0.314

Any revascularization 2.4% (121) 2.3% (119) 0.892 1.01 (0.79–1.31) 0.914

Stent thrombosis 0.2% (8) 0.2% (11) 0.492 0.73 (0.29–1.80) 0.486

aThe P value in the fourth column are the values form the !2 test. bThe hazard ratio and P-values in the sixth column 
were calculated by the competing risk analysis based on the Fine and Gray method. The 95% con"dence intervals 
for secondary end points have not been adjusted for multiple testing. cPrimary ischaemic endpoint is de"ned as 
a composite of cardiac death, non-fatal myocardial infarction, cerebrovascular events, and major bleeding events 
(BARC type #3). dPrimary bleeding endpoint was de"ned as type 2, 3, or 5 bleeding events according to the BARC 
criteria or minor and major bleeding according to the PLATO criteria. eMajor bleeding was de"ned as bleeding events 
de"ned as type 3 or 5 according to the BARC criteria or major bleeding according to the PLATO criteria. *Clinical 
endpoints were evaluated in the intention-to-treat population at 12 months after index PCI. The percentages shown 
are Kaplan–Meier estimates.

Subgroup analyses
Results of a comparison of the treatment e$ects between the de-escalation strategy and the standard 
therapy for key subgroups are presented in Figure 4. No statistically signi"cant heterogeneity was 
observed for the ischaemic and bleeding endpoints across the clinical sub-groups, including those 
classi"ed by age, diabetes, hypertension, renal function, smoking, clinical presentation as ST-elevation 
myocardial infarction, angiographic vessel disease, stent number, and the initial P2Y12 inhibitor usage. 
However, the impact of bleeding risk reduction by de-escalation was numerically larger when de-
escalation was per-formed from ticagrelor to clopidogrel as compared to de-escalation from prasugrel 
to clopidogrel. Also, a signi"cant interaction was found between the bleeding endpoints and the type of 
de-escalation strategy used (i.e. guided or unguided; P for interaction = 0.007). Unguided de-escalation 
and guided de-escalation reduced the bleeding events by 50% (HR 0.50, 95% CI 0.38–0.67, P < 0.001) 
and 21% (HR 0.79, 95% CI 0.67–0.94, P = 0.008) of the patients, respectively.
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Figure 3. Density plot of the risk di!erence of ischaemic and bleeding endpoints. 

The absolute risk di!erence of (A) ischaemic risk and (B) bleeding risk between the two strategies was calculated 
using the Bayesian analysis. The risk di!erence for endpoints were calculated at the timepoint of 12 months post-
randomization between the two treatment arms.
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Figure 4. Subgroup analysis. 

Comparison of the treatment e!ects for the ischaemic endpoint (A) and the bleeding endpoint (B) between the de-
escalation strategy and the standard therapy for the key subgroups.
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DISCUSSION

In this meta-analysis, we analysed individual patient-level data from four RCTs. The analysis included 
10 133 patients who were randomised to either the de-escalation DAPT strategy or the standard DAPT 
strategy after PCI for ACS. The main !ndings of the current study are as follows: (i) de-escalation was 
associated with a signi!cant reduction in both the ischaemic and bleeding events, (ii) there was no 
signi!cant di"erence in mortality between the two strategies, (iii) in a landmark analysis per-formed 
from the actual timepoint of de-escalation, which was unique for each trial, the bene!cial e"ect of de-
escalation for the ischaemic and bleeding events was consistent, and (iv) compared to guided DAPT de-
escalation, unguided universal DAPT de-escalation was associated with a signi!cantly larger reduction 
in bleeding (Structured Graphical Abstract).
 In patients with ACS receiving PCI, the combination of aspirin and a potent P2Y12 receptor 
inhibitor is one of the key components of medical therapy. Due to the heightened thrombotic risk in 
ACS, potent P2Y12 inhibitors, such as prasugrel and ticagrelor, are recommended due to their enhanced 
potency and decreased variability of platelet inhibition.12 Although the use of potent agents signi!cantly 
reduced the ischaemic events, this came at the cost of increased bleeding. Moreover, previous studies 
have shown that the impact of major bleeding on mortality after PCI is comparable to that of recurrent 
thrombotic events, further supporting the clinical necessity to reduce both ischaemic and bleeding 
risks.13,14 Therefore, there is a need for novel antithrombotic strategies, where the combined risk of 
ischaemia and bleeding can be minimized.15 In this regard, de-escalation of the potent P2Y12 inhibitor 
may be a potential solution. The concept of de-escalation is based on the hypothesis that there is a 
temporal change in the risk of ischaemia and bleeding after PCI over time. The risk of thrombosis is 
the greatest immediately after PCI. However, it rapidly decreases along with the stabilization of the 
patient and the lesion.16 However, the bleeding risk is maintained or does not decline at the rate that 
the ischaemic risk declines. Therefore, the relative impact of the bleeding risk increases, justifying a 
de-escalation strategy.17,18 The interindividual variability in the response to clopidogrel also serves to 
justify the requirement of de-escalation.17 Numerous modi!able and unmodi!able factors (including 
the genetic polymorphisms of CYP2C19) may reduce the response to clopidogrel, which is associated 
with an increased risk of ischaemic events. These carriers of CYP2C19 loss-of-function alleles may be the 
patients that need potent P2Y12 inhibitors. However, for patients that may achieve su#cient platelet 
inhibition with clopidogrel, pre-scribing a potent P2Y12 inhibitor may expose them to unnecessary 
bleeding risk. 
 Multiple RCTs have shown promising results supporting de-escalation and such a strategy is 
commonly adopted in clinical practice.19 Consequently, de-escalation is backed by recent guidelines, 
which state that de-escalation may be considered as an alternative DAPT strategy, especially for ACS 
patients deemed unsuitable for potent platelet inhibition.1,5 A few study-level analyses have addressed 
the outcomes of de-escalation but until now, there has been no individual patient-level analysis of 
de-escalation. A well-designed patient-level analysis has several advantages, such as using common 
de!nitions and time-to-event data for estimating the survival of multiple studies.20
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 In the current analysis, we obtained patient-level data from four RCTs; each RCT compared a de-
escalation DAPT strategy with a standard DAPT strategy. The TROPICAL-ACS trial was the !rst study to 
evaluate the safety and e"cacy of guided de-escalation. In that study, de-escalation was guided by 
platelet function testing (PFT); all patients were started on prasugrel for 1 week and then switched to 
clopidogrel. Prasugrel was re-prescribed only in those with a high platelet reactivity to clopidogrel.21 The 
study showed that PFT-guided de-escalation of P2Y12 inhibitor therapy was non-inferior to standard 
prasugrel therapy for preventing thrombotic events, with a similar rate of bleeding. The POPular 
Genetics trial evaluated a CYP2C19 genotype-guided de-escalation strategy in patients with ST-elevation 
myocardial infarction. In the genotype-guided strategy group, CYP2C19 genotyping was per-formed; the 
carriers of the CYP2C19 loss-of-function allele were treated with ticagrelor or prasugrel, while non-carriers 
(CYP2C19*1/*1) were treated with clopidogrel.22 No signi!cant intergroup di#erence was observed 
in the ischaemic outcome, while the bleeding outcome was signi!cantly decreased by 22% in the 
genotype-guided de-escalation group. The HOST-REDUCE-POLYTECH-ACS trial evaluated an unguided 
prasugrel-based dose de-escalation strategy.23 One month after the index PCI, the de-escalation group 
received a prasugrel daily dose de-escalated from 10 to 5 mg. The rate of ischaemic out-comes was 
similar between the prasugrel-based de-escalation strategy and standard strategy groups, while the 
de-escalation group experienced a 52% bleeding risk reduction. Finally, the TALOS-AMI trial evaluated 
an unguided ticagrelor-based de-escalation strategy.24 At 1-month post-PCI, ticagrelor was switched 
to clopidogrel in the de-escalation group. Between the de-escalation strategy group and the standard 
strategy group, there was no signi!cant di#erence in the composite ischaemic outcome, while bleeding 
occurred less frequently in the de-escalation group (relative risk reduction of 48%). Collectively, all trials 
showed no di#erence in ischaemic outcomes; however, the bleeding complications were reduced by 
the de-escalation strategy in three trials. Of note, the TOPIC trial also evaluated unguided de-escalation.25 
The results in this trial were mostly in line with the current analysis, reporting that switching a potent 
P2Y12 inhibitor to clopidogrel at 1 month after PCI reduced bleeding without a signi!cant increase in 
ischaemic outcomes in ACS patients. However, the trial was a single centre study with only 646 patients 
en-rolled and therefore was not included in the current analysis. Further, the TOPIC trial lacked data 
regarding clinical events that occurred within the !rst month after PCI.
 According to the concept of de-escalation, it would seem appropriate that de-escalation would 
only reduce the bleeding complications and may have adverse e#ects on the ischaemic endpoints. 
However, previous RCTs did not show that the de-escalation strategy has a hazardous e#ect on the 
ischaemic risk, while a comprehensive evaluation of the true e#ect of de-escalation was di"cult 
due to the distinct de!nition of ischaemic endpoints. In the current analysis, to evaluate the impact 
of platelet-centric ischaemic endpoints, we de!ned ischaemic endpoints as a composite of cardiac 
death, myocardial infarction, and cerebrovascular events. Our analysis showed that de-escalation was 
associated with a signi!cantly reduced risk of platelet-centric ischaemic endpoints. A reduction in both 
the bleeding and ischaemic endpoints, which seems counterintuitive theoretically, is a phenomenon 
that has been observed in other trials.26,27 This can be explained in several ways. First, compliance 
with antiplatelet agents can be poor in those who experience bleeding events, leading to increased 
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ischaemic endpoints. Second, various clinical factors (such as old age and chronic kidney disease) are 
associated with increased ischaemic and bleeding risks, therefore patients with these risk factors are 
at risk for various adverse events. Meticulous medical treatment in these patients would reduce both 
ischaemic and bleeding events. Third, cardiac death, by de!nition, is an ischaemic endpoint that may 
originate from a bleeding complication. Therefore, reducing the risk of bleeding may be associated with 
a reduction in cardiac death events.
 In subgroup analysis, the treatment e"ect was consistent between various subgroups, with no 
signi!cant interaction. However, the impact of bleeding risk reduction by unguided universal DAPT de-
escalation was signi!cantly larger compared to guided DAPT de-escalation. This may be due to the fact 
that in the guided studies, the bleeding reduction bene!t of patients that received guided de-escalation 
is o"set by those who are deemed to be poor clopidogrel responders and continue to receive potent 
P2Y12 inhibitors. Also, because the two universal de-escalation studies were both conducted in Asians, 
who have a lower ischaemic risk, the better e#cacy needs to be interpreted with caution and cannot 
be extrapolated to other ethnicities or to those with high ischaemic risk. Additionally, the timing of 
de-escalation should be considered in interpreting the results. For guided de-escalation trials, the de-
escalation timing was 48 h post-PCI (POPular Genetics) and 2 weeks post-PCI (TROPICAL-ACS), while that 
for unguided de-escalation trials were both 1-month post-PCI (HOST-REDUCE-POLYTECH-ACS, TALOS-
AMI). Although subgroup analysis showed no signi!cant inter-action between guided vs. unguided de-
escalation and the ischaemic endpoint, an early unguided de-escalation may be harmful, especially in 
the early period after ACS, when the high ischaemic risk persists. Interestingly, bleeding risk reduction by 
de-escalation was numerically larger when de-escalation was performed from ticagrelor to clopidogrel 
as compared to de-escalation from prasugrel to clopidogrel. Such observation is in line with results from 
a previous trial which showed that prasugrel was associated with a lower bleeding risk than ticagrelor.28

 Although guided and unguided de-escalation were similar with regard to ischaemic endpoints, 
signi!cant improvements in the selection of patients in the guided approach could lead to better 
clinical out-comes. In particular, if early de-escalation is considered in patients at higher ischaemic 
risk, unguided de-escalation has the potential risk of increasing the risk of ischaemic adverse events. 
A previous study has shown that integrating clinical risk factors with genotyping could predict high 
on-treatment platelet reactivity, which may be used to increase the precision of selecting patients for 
guided de-escalation.29

Collectively, our !ndings show that compared to the standard DAPT strategy, de-escalation of the potent 
P2Y12 inhibitor provides clinical bene!t where both ischaemic and bleeding events are decreased.

Limitations
There are important limitations that should be noted in the current study. First, our study only focused on 
DAPT de-escalation during the !rst year after index PCI. Recently, some studies have focused on potent 
P2Y12 inhibitor monotherapy after ultra-short-term DAPT within the !rst year after PCI, the so-called 
‘early P2Y12 monotherapy’.26 The safety and e#cacy of early P2Y12 monotherapy, with respect to those 
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of the DAPT de-escalation therapy, are beyond the scope of the current study. Second, the de!nition 
of clinical outcomes may di"er between the trials; however, the endpoints that we analysed were hard 
endpoints that were free from such bias. Periprocedural myocardial infarction was excluded from the 
primary ischaemic endpoint, and we performed a landmark analysis as a sensitivity analysis to con!rm 
the consistency of our !ndings. Third, we could not analyse the impact of the procedural complexity of 
PCI. It is well known that patients who receive complex PCI might require a stronger antiplatelet strategy. 
Our database lacked speci!c procedural information; there-fore, we could not analyse the impact of 
the de-escalation DAPT strategy in the complex PCI subgroup. Furthermore, we could not observe 
interactions between the complex PCI factors, including patients who received left main stenting, those 
with three-vessel disease, or those in whom more than two stents were implanted. Fourth, guided de-
escalation RCTs were performed in Europe, while unguided de-escalation RCTs were performed in East 
Asia. Because the relative ischaemia–bleeding trade-o" may be slightly di"erent according to ethnicity, 
such di"erences may have a"ected the results of the analysis. As such, the generalizability of the current 
!ndings may be limited. Finally, although the concepts of guided and unguided de-escalation could 
be compared in the current study, a conclusion on which is the optimal de-escalation strategy cannot 
be drawn from the current data. This is because the individual trials used di"erent P2Y12 inhibitors, 
and the timing of de-escalation was not the same. Guiding still seems to be potentially a safer strategy, 
particularly if considering early de-escalation or even if later in a population at higher ischaemic risk.

CONCLUSION

In conclusion, the de-escalation DAPT strategy compared with a standard DAPT strategy was associated 
with reductions in both the ischaemic and bleeding endpoints in patients with ACS who underwent PCI.
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ABSTRACT 

Background
Genetic testing has been proposed as a tool to guide the selection of an oral P2Y12 inhibitor in patients 
with acute coronary syndrome (ACS) or in those undergoing percutaneous coronary interventions (PCI). 
This genotype-guided approach may lead to either de-escalation or escalation of antiplatelet therapy, 
each carrying distinct implications for clinical outcomes.

Methods
We performed a systematic review and an individual participant data meta-analysis of randomized 
controlled trials (RCTs) comparing guided therapy using CYP2C19 genetic testing vs. conventional 
therapy among patients with ACS undergoing PCI. The primary safety endpoint was time to !rst type 
2, 3 or 5 BARC bleeding at 12 months. The primary e"cacy endpoint was time to !rst major adverse 
cardiovascular event (MACE) at 12 months. Secondary endpoints included net adverse cardiovascular 
events (NACE) and the individual components of the primary outcomes. Pre-speci!ed analysis 
considering guided escalation and de-escalation as separate strategies was conducted.

Results
Two RCTs met the search criteria and individual participant-level data were obtained. A total of 6,734  
participants were available for analysis. After 1 year, there were no di#erences in the primary safety 
(adjusted Hazard Ratio [adjHR] 0.88; 95% CI 0.72,1.06) or e"cacy endpoints (0.83; 95% CI 0.63,1.09) in with 
overall guided vs. conventional therapy. However, guided therapy reduced myocardial infarction (0.68; 
95% CI 0.48,0.97) and NACE (0.85; 95% CI 0.73,1.00) compared with conventional therapy. Guided de-
escalation reduced the primary safety endpoint (0.77; 95% CI 0.62,0.97) and NACE (0.77; 95% CI 0.62,0.94) 
with no signi!cant di#erence in MACE, compared to the conventional therapy. The primary safety and 
e"cacy endpoints were similar between patients undergoing guided escalation and conventional 
therapy groups. Time-dependent covariate analyses showed that overall guided and de-escalation 
strategies reduced bleeding and NACE prior to 90 days, compared to conventional therapy.

Conclusion
These !ndings highlight the need to evaluate the clinical impact of genotype-guided therapy by 
separately assessing de-escalation and escalation strategies. Among ACS patients undergoing PCI, 
genotype-guided de-escalation reduces bleeding and NACE without increasing MACE compared to 
conventional therapy. The bene!ts of genotype-guided therapy were greater within the !rst 3 months 
after PCI.
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INTRODUCTION 

Dual antiplatelet therapy (DAPT) with aspirin and a P2Y12 inhibitor is recommended for the prevention of 
thrombotic events in patients with an acute coronary syndrome (ACS) or those undergoing percutaneous 
coronary intervention (PCI).1,2 In ACS patients undergoing PCI, P2Y12 inhibition with prasugrel or 
ticagrelor is preferred over clopidogrel given their enhanced e!cacy.2,3 However, such ischemic bene"t 
comes at the expense of an increased risk of bleeding.4,5 Studies suggest that the superior e!cacy of 
prasugrel and ticagrelor occurs because of pharmacologic variability in clopidogrel response, whereas 
they achieve limited ischemic bene"t and increased bleeding in patients with adequate clopidogrel-
induced platelet inhibition or in CYP2C19 loss-of-function (LoF) genetic variant non-carriers.6-9 These 
observations have set the foundations for a guided selection of P2Y12 inhibiting therapy (i.e., genetic 
testing) with the aim of optimizing the balance between bleeding and ischemic risks9,10. Clopidogrel, 
but not prasugrel or ticagrelor, is activated primarily after being metabolized by a highly polymorphic 
hepatic cytochrome (CYP)2C19 enzyme.11,12 LoF genetic variants in CYP2C19 alleles (i.e., *2 and *3) result 
in decreased clopidogrel metabolism leading to decreased active metabolite levels, increased rates of 
high platelet reactivity (HPR) and thrombotic complications while on clopidogrel therapy.13-16 Therefore, 
genetic testing can identify these patients and guide the personalized selection of LoF carriers to be 
treated with prasugrel or ticagrelor and LoF non-carriers to be treated with clopidogrel as opposed to 
the universal use of prasugrel or ticagrelor which results in increased bleeding and limited ischemic 
bene"t.9,10 However, the expected outcomes of a guided selection of P2Y12 inhibiting therapy depends 
on whether it leads to a strategy of de-escalation (i.e., reduction in potency) or escalation (i.e., increase in 
potency) of platelet inhibition relative to the standard therapy.9 This distinction is crucial to best de"ne 
the bene"ts associated with a speci"c genotype-guided strategy instead of combining the outcomes of 
approaches with converse intended bene"ts which may conceal its true impact.9 To date, randomized 
clinical trials (RCTs) assessing the clinical bene"ts of a genotype-guided vs. standard selection of P2Y12 
inhibitor therapy are limited by heterogeneity in the approaches as well as the sample size to have 
the statistical power to assess for di#erences in ischemic and bleeding endpoints.9,10 We conducted 
a systematic review and an individual participant data meta-analysis (IPD-MA) of RCTs to determine 
whether a genotype-guided de-escalation or escalation of oral P2Y12 inhibiting therapy may improve 
outcomes compared to standard therapy in patients with ACS undergoing PCI.

METHODS

Search strategy and eligibility criteria
This systematic review was reported in accordance with the Guidelines of the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses of Individual Participant Data (Table S1). The protocol 
was prospectively registered in PROSPERO and is available online (www.crd.york.ac.uk/prospero, 
CRD42024580431). An updated version of the study protocol is provided as supplementary appendix. 
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From database inception to November 2023 we searched MEDLINE with PubMed interface, the 
Cochrane Central Register of Controlled Trials, Embase and the Web of Science databases. Search terms 
included: “acute coronary syndrome”, “myocardial infarction”, “percutaneous coronary intervention”, 
“genotype”, “guided”, “guide”, “P2Y12 inhibitor”, “antiplatelet”, as well as combinations of these terms. The 
full search strategy is provided in Table S2. Citations were screened on the basis of title and abstract 
by two independent reviewers. Potentially eligible reports were retrieved and scrutinized for eligibility 
in full-article. Reference lists of the eligible reports were reviewed for any eligible reports not captured 
initially. Only full-text published studies were included in the analysis, with no language restrictions. 
The inclusion criteria were: (i) randomized clinical trial, (ii) inclusion of patients presenting with ACS 
and treated with PCI, (iii) comparison between genotype-guided vs. conventional therapy among the 
totality of patients undergoing PCI, (iv) reporting clinical outcomes at a follow-up !12 months. The 
exclusion criteria were: (i) non-randomized studies, (ii) selective inclusion of patients presenting with 
chronic coronary syndrome (CCS), (iii) studies using a genetic testing panel di"erent from that currently 
recommended (i.e., inclusive of CYP2C19 *2 and *3 LoF alleles), (iv) use of antiplatelet therapy di"erent 
from that currently recommended (i.e., cilostazol or high- dose clopidogrel), and (v) inadequate use 
of alternative antiplatelet therapy in CYP2C19 LoF carriers in the guided group (i.e. use of prasugrel or 
ticagrelor <90%).2,3,17 Studies in which P2Y12 inhibitor selection was guided by platelet function testing 
were also excluded. Two investigators (M.G. and D.J.A.) independently determined whether the studies 
met the pre-speci#ed eligibility criteria. Disagreements were resolved by consensus. Our initial search 
yielded 966 unique citations; after applying the pre-speci#ed eligibility criteria, two RCTs were deemed 
eligible after full text review (Figure S1 for study selection $ow-chart): Cost-e"ectiveness of Genotype 
Guided Treatment With Antiplatelet Drugs in STEMI Patients: Optimization of Treatment (POPular 
Genetics) and Tailored Antiplatelet Therapy Following PCI (TAILOR- PCI)18,19. The principal investigators of 
these trials agreed to provide their data for this IPD-MA. In June 2024, an updated search was conducted 
using the exact same search strategy that did not identify other eligible RCTs.

Study Endpoints
The pre-speci#ed co-primary endpoints were a safety endpoint of minor and major bleeding at 12 
months post-PCI and an e%cacy endpoint of major adverse cardiovascular events (MACE). The primary 
safety endpoint included time to #rst type 2, 3 or 5 Bleeding Academic Research Consortium (BARC) 
bleeding events. The primary e%cacy endpoint of time to #rst MACE was a composite of cardiovascular 
(CV) death, non-fatal myocardial infarction (MI), de#nite or probable stent thrombosis (ST), and stroke. 
Secondary endpoints included time to #rst individual components of the primary endpoints, including 
CV death, MI, stroke, and ST as well as BARC 3 or 5 bleeding and net adverse clinical events (NACE; a 
composite of CV death, MI, ST, stroke and BARC 2, 3 or 5 bleeding) at 12 months. Table S3 reports the 
detailed de#nitions of outcomes in the RCTs that were included.
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Data extraction and quality assessment
After obtaining electronic datasets of anonymized individual participant data, all data were reviewed for 
completeness and consistency and compared with the results from the previously published reports. 
Details about the inclusion and exclusion criteria as well as of baseline and procedural characteristics of 
included studies are reported in Table S4 and S5, respectively. Clinical outcomes among included trials 
are reported in Table S6. 
 Two investigators (M.G. and D.J.A) independently assessed the risk of bias by using the Cochrane 
Risk-of-Bias tool 2 (Figure S2). Disagreements were solved by discussion. To maintain a homogeneous 
cohort of patients, we excluded from the TAILOR-PCI dataset patients with CCS (n= 972) and patients 
with concomitant oral anticoagulant use (n= 115). Similarly, we excluded from the POPular Genetics 
dataset patients with concomitant oral anticoagulant use (n= 122). Moreover, we included patients from 
the POPular Genetics dataset who were enrolled prior to the major protocol revision who shifted from 
an escalation to de-escalation strategy, as well as those who experienced events within the !rst 24 hours 
after PCI (n= 179). A "ow-diagram of the study is reported in Figure S3.18

Data analysis
All individual level data from both trials were available and were combined into a single data set for 
analysis (one-stage approach). Categorical variables were expressed as frequencies and percentages 
and continuous variables were presented as mean (SD). Baseline variables were compared using 
standardized di#erences given the randomization into the 2 groups, with values greater than 0.1 
indicating substantial imbalance. Post-randomization variables were tested using Pearson’s chi-squared 
test for discrete variables, the Wilcoxon rank-sum test for continuous variables and a log-rank test for 
time-to-event variables. Kaplan-Meier curves were estimated for time-to-!rst !rst event by treatment 
group, both overall and within treatment strategy, and these estimates are used when reporting 
percentage of events at 12 months.
 Endpoints were modeled as time-to-!rst event using a Cox proportional hazards model, adjusted 
for pre-speci!ed covariates which were used in strati!ed randomization (age, gender, ST- segment 
elevation myocardial infarction [STEMI] and site) as well as with interaction terms between trial and 
covariate20. Di#ering event rates per trial were handled by using separate baseline hazards per trial. 
Proportional hazard ratios (HR) over time were reported with 95% con!dence intervals (CI). A two-sided 
P-value of <0.05 was considered signi!cant for all tests. Enrolling site was modeled as a random e#ect. 
 All the analyses were run according to the pre-speci!ed sensitivity analysis considering escalation 
and de-escalation as separate strategies. Escalation and de-escalation were de!ned according to the 
P2Y12 inhibitor used in the conventional therapy group. In particular, in line with Academic Research 
Consortium de!nitions, “de-escalation” was de!ned as a decrease in intensity of platelet inhibition (i.e., 
switching from prasugrel or ticagrelor to clopidogrel) and “escalation” was de!ned as an increase in 
intensity of platelet inhibition (i.e., switching from clopidogrel to prasugrel or ticagrelor).21 Pre-speci!ed 
sensitivity analyses included modeling recurrent events using an Andersen-Gill approach, and time-
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dependent e!ects to determine if the treatment e!ect was di!erent in the "rst 90 days after PCI 
compared to the e!ect from 91 days to 12 months post- PCI. 
 Subgroups were analyzed using an extension of the primary models with an interaction approach 
for one-stage meta-analysis models.22 A sensitivity analysis using two-stage meta-models was also 
performed. Terms for both the across-site and within-site interactions were included, using site covariate 
means and within-site centered covariates, respectively to avoid ecological bias. Pre- speci"ed subgroup 
analyses of the primary endpoints included the following variables: age (#75 vs. <75 years), sex (male 
vs. female), ethnicity (Asian vs. Caucasian vs. other), clinical presentation 11 (STEMI vs. non-ST segment 
elevation MI [NSTEMI] or unstable angina [UA]), renal function (estimated glomerular "ltration rate #60 
mL/min vs. <60 mL/min), diabetes mellitus status (yes vs. no), body weight (body mass index #30 vs. 
<30), complexity of PCT (yes vs. no), use of proton pump inhibitor (yes vs. no), CYP2C19 carrier status 
(homozygotes vs. heterozygotes). The within- site variables were used to estimate subgroup hazard 
ratios for these patient level risk factors and to calculate the interaction p-value. Interaction tests for 
strategy (de-escalation/escalation) were based on across site e!ects. Six patients were missing STEMI at 
presentation and were excluded from modeling. Sensitivity analyses included an analysis selectively in 
STEMI patients and an extended analysis encompassing all patients from the original datasets, including 
those with CCS or concomitant anticoagulant use. All analyses were conducted with SAS software, 
version 9.4 (SAS Institute Inc).

RESULTS

A total of 6,734 patients were analyzed, with 3,358 participants assigned to the genotype- guided group 
and 3,376 to the conventional therapy group. The baseline characteristics of the pooled total population 
are presented in Table 1. Clopidogrel (63.6%) and ticagrelor (35.5%) were the most commonly used 
oral P2Y12 inhibitors at discharge, with only 1.2% of patients being prescribed prasugrel. All included 
patients underwent PCI. Nearly 30% of patients were carriers of one (heterozygous) and 5% carriers 
of two (homozygous) CYP2C19 LoF alleles. Approximately 35% of participants in the genotype-guided 
arms underwent a strategy of de-escalation (n=1,191) and 65% (n=2,167) of escalation, compared with 
conventional therapy. Baseline characteristics according to de-escalation or escalation strategies are 
reported in Tables S7 and S8. Baseline characteristics in STEMI patients are reported in Table S9. Both 
studies were assessed as having a low risk of bias (Figure S2).
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Table 1. Baseline and procedural characteristics of conventional vs. guided therapy.

Variable
Conventional  

Therapy  
(N=3376)

Genotype-guided  
Therapy  

(N=3358)
Absolute Std. Di!.

Age 1.7%

Mean, SD 61.6 (11.3) 61.7 (11.0)

Median (Q1, Q3) 61 (54, 69) 62 (54, 69)

Age, y, n (%)

<50 496 (14.7%) 471 (14.0%) 1.9%

50-59 976 (28.9%) 977 (29.1%) 0.4%

60-69 1065 (31.5%) 1082 (32.2%) 1.4%

70-74 375 (11.1%) 364 (10.8%) 0.9%

75-79 267 (7.9%) 266 (7.9%) 0.0%

80+ 197 (5.8%) 198 (5.9%) 0.3%

Sex, n (%)

Male 2543 (75.3%) 2516 (74.9%) 0.9%

Female 833 (24.7%) 842 (25.1%) 0.9%

Race/ethnicity, n (%)

African/Black 52 (1.5%) 53 (1.6%) 0.2%

Asian 707 (20.9%) 728 (21.7%) 1.8%

Caucasian 2448 (72.5%) 2411 (71.8%) 1.6%

Hispanic/Latino 73 (2.2%) 76 (2.3%) 0.6%

Other/Unknown 96 (2.8%) 90 (2.7%) 1.0%

Strategy, n (%) 

de-escalation 1192 (35.3%) 1191 (35.5%) 0.3%

escalation 2184 (64.7%) 2167 (64.5%) 0.3%

CYP2C19*2/*3, n (%)

Non-carrier 1971 (64.9%) 2034 (64.5%) 0.9%

Heterozygous 915 (30.1%) 967 (30.7%) 1.2%

Homozygous 149 (4.9%) 151 (4.8%) 0.6%

Trial population, n (%)

POPular 1272 (37.7%) 1273 (37.9%) 0.5%

TAILOR-PCI 2104 (62.3%) 2085 (62.1%) 0.5%

Presentation, n (%)

ACS/NSTEMI 1573 (46.6%) 1555 (46.4%) 0.5%

STEMI 1801 (53.4%) 1799 (53.6%) 0.5%

Body Mass Index 3.1%

Mean, SD 28.0 (5.4) 28.2 (5.5)

Median (Q1, Q3) 27 (25, 30) 27 (25, 31)
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Diabetes, n (%) 678 (20.1%) 730 (21.7%) 4.1%

Dyslipidemia, n (%) 1268 (37.6%) 1237 (36.9%) 1.5%

Hypertension, n (%) 1779 (52.8%) 1792 (53.4%) 1.3%

PAD, n (%) 75 (2.2%) 86 (2.6%) 2.2%

History of MI, n (%) 358 (10.6%) 382 (11.4%) 2.5%

History of CABG, n (%) 140 (4.1%) 130 (3.9%) 1.4%

Stroke/TIA, n (%) 84 (2.5%) 83 (2.5%) 0.1%

History of PCI, n (%) 501 (14.8%) 518 (15.4%) 1.6%

Family History of CAD, n (%) 1229 (37.1%) 1237 (37.7%) 1.1%

Smoking status, n (%)

Current smoker 1223 (36.8%) 1207 (36.4%) 0.8%

Former smoker 820 (24.7%) 809 (24.4%) 0.6%

Never smoker 1278 (38.5%) 1297 (39.1%) 1.4%

Baseline LVEF, n (%)

Severly reduced (<30%) 15 (0.4%) 17 (0.5%) 0.4%

Reduced 213 (6.3%) 193 (5.7%) 2.4%

Preserved (>50%) 944 (28.0%) 974 (29.0%) 2.3%

Unknown 2204 (65.3%) 2174 (64.7%) 1.1%

Estimated GFR 4.5%

Mean, SD 87.0 (23.7) 88.1 (26.6)

Median (Q1, Q3) 87 (73, 100) 88 (73, 100)

Vascular access site, n (%)

Femoral 968 (28.7%) 1028 (30.6%) 4.3%

Radial 2369 (70.2%) 2293 (68.3%) 4.1%

Other/unknown 39 (1.2%) 37 (1.1%) 0.3%

BMS Stent, n (%) 188 (5.6%) 198 (5.9%) 1.4%

DES Stent, n (%) 3155 (93.5%) 3143 (93.6%) 0.6%

Any PCI in graft, n (%) 64 (1.9%) 50 (1.5%) 2.6%

PCI in LAD, n (%) 1581 (46.8%) 1575 (46.9%) 0.1%

PCI in LMCA, n (%) 52 (1.5%) 57 (1.7%) 1.0%

PCI in RCA, n (%) 1278 (37.9%) 1298 (38.7%) 1.6%

PCI in LCX, n (%) 818 (24.2%) 770 (22.9%) 3.1%

Complex PCI | High/C lesion, n (%) 1254 (37.1%) 1246 (37.1%) 0.1%

Clopidogrel at discharge, n (%) 2192 (64.9%) 2089 (62.2%) 2.0%

Ticagrelor at discharge, n (%) 1152 (34.1%) 1239 (36.9%) 1.8%

Prasugrel at discharge, n (%) 34 (1.0%) 50 (1.5%) 8%

Statin at discharge, n (%) 3232 (95.9%) 3241 (96.6%) 12%

Table 1. Continued
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PPI at discharge, n (%) 1549 (46.0%) 1545 (46.1%) 93%

Beta-blocker at discharge, n (%) 2834 (84.1%) 2846 (84.9%) 39%

ACE inhibitor at discharge, n (%) 1932 (57.3%) 1900 (56.6%) 57%

CCB at discharge, n (%) 455 (13.5%) 444 (13.2%) 75%

Abbreviations: SD: standard deviation; CYP: cytochrome; ACS: acute coronary syndrome; NSTEMI: non ST-segment 
elevation myocardial infarction; STEMI: ST-segment elevation myocardial infarction; PAD: peripheral artery disease; 
MI: myocardial infarction; CABG: coronary artery bypass grafting; TIA: transient ischemic attack; PCI: percutaneous 
coronary intervention; CAD: coronary artery disease; LVEF: left ventricular ejection fraction; GFR: glomerular !ltration 
rate; BMS: bare metal stent; DES: drug eluting stent; LAD: left anterior descending artery; LMAC: left main coronary 
artery; RCA: right coronary artery; LCX: left circum"ex artery; PPI: proton pump inhibitors; ACE: angiotensin-converting 
enzyme; CCB: calcium channel block

Clinical outcomes -Guided strategy in the overall study population
The primary safety endpoint occurred in 203 patients (6.2%) in the genotype-guided group and in 
225 patients (6.9%) in the conventional therapy group at 12 months. There was no di#erence in the 
primary safety endpoint between groups (adjHR 0.88; 95% CI 0.72, 1.06; p=0.17) (Figure 1 and Table 
2). The primary e$cacy endpoint occurred in 94 patients (2.8%) in the genotype-guided group and 
in 114 patients (3.5%) in the conventional therapy group at 12 months. There was no di#erence in the 
primary e$cacy endpoint between groups (adjHR 0.83; 95% CI 0.63, 1.09; p=0.17) (Figure 2 and Table 
2). There was a reduction in MI (adjHR 0.68; 95% CI 0.48, 0.97) and NACE (adjHR 0.85; 95% CI 0.73, 1.00) with 
guided vs. conventional therapy at 12 months (Figure 3 and Table 2). There was no di#erence between 
treatment groups in the other secondary endpoints at 12 months (Table 2). Results from the sensitivity 
analyses using recurrent events (Figure S4), using di#erent statistical methods (Table S10), in STEMI 
patients (Table S11 and Figure S5) and including patients with CCS or concomitant anticoagulant 
use (Figure S6) were consistent with the main analysis. Analyses of a priori subgroups did not !nd 
any signi!cant interactions between treatment groups and subgroups for the primary safety or e$cacy 
endpoints (Table S7).

De-escalation strategy
The primary safety endpoint occurred in 145 patients (12.2%) in the genotype-guided de- escalation 
group and in 177 patients (15.0%) in the conventional therapy group at 12 months. There was a signi!cant 
reduction in the primary safety endpoint in the genotype-guided de-escalation vs. conventional 
therapy groups (adjHR 0.77; 95% CI 0.62, 0.97; p=0.030) (Figure 1 and Table 2). The primary e$cacy 
endpoint occurred in 37 patients (3.1%) in the genotype-guided de-escalation group and in 42 patients 
(3.5%) in the conventional therapy group at 12 months. There was no di#erence in the primary e$cacy 
endpoint between groups (adjHR 0.87; 95% CI 0.56, 1.36; 13 p=0.54) (Figure 2 and Table 2). NACE was 
reduced at 12 months (adjHR 0.77; 95% CI 0.63, 0.94) (Figure 3 and Table 2). There was no di#erence 
between treatment groups in individual ischemic or bleeding endpoints at 12 months (Table 2). Results 

Table 1. Continued
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were consistent with sensitivity analyses using recurrent events (Figure S4), using di!erent statistical 
methods (Table S10), in STEMI patients (Table S11 and Figure S5) or including patients with CCS 
or concomitant anticoagulant (Figure S6). Analyses of a priori subgroups did not "nd any signi"cant 
interactions between treatment groups and subgroups for the primary safety or e#cacy endpoints 
(Figure S8).

Figure 1. 12-month Kaplan-Meier curves for the primary safety endpoint.

Overall genotype-guided vs. conventional therapy (up), genotype-guided de-escalation vs. conventional therapy 
(left) and genotype-guided escalation vs. conventional therapy (right). Genotype-guided de-escalation was 
associated with a reduction in BARC 2-5 bleeding while overall genotype-guided and genotype-guided escalation 
did not show any di!erence compared with conventional therapy. Abbreviations: BARC= Bleeding Academic 
Research Consortium, PCI= percutaneous coronary intervention, HR= Hazard ratio, adj= adjusted.

Escalation strategy
The primary safety endpoint occurred in 58 patients (2.8%) in the genotype-guided escalation group 
and in 48 patients (2.3%) in the conventional therapy at 12 months. There was no di!erence in the 
primary safety endpoints between groups (adjHR 1.22; 95% CI 0.83, 1.79; p=0.31) (Figure 1 and Table 
2). The primary e#cacy endpoint occurred in 57 patients (2.7%) in the genotype-guided escalation 
group and in 72 patients (3.5%) in the conventional therapy at 12 months. There was no di!erence 
in the primary e#cacy endpoint between subgroups (adjHR 0.79; 95% CI 0.56, 1.12; p=0.19) (Figure 2 
and Table 2). Compared with conventional therapy, genotype-guided escalation was not associated 
with any di!erence in NACE or individual ischemic or bleeding endpoints at 12 months (Figure 3 and 
Table 2). Results were consistent with sensitivity analyses using recurrent events (Figure S4), using 
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di!erent statistical methods (Table S10), in STEMI patients (Table S11 and Figure S5) or including 
patients with CCS or concomitant anticoagulant (Figure S6). Analyses of a priori subgroups did not "nd 
any signi"cant interactions between treatment groups and subgroups for the primary safety or e#cacy 
endpoints (Figure S9).

Table 2. Number of patients with events and 12-month Kaplan-Meier event rates and adjusted hazard ratios by 
overall-guided, guided de-escalation or guided escalation vs. conventional therapy.

Endpoint

Genotype-  
guided 
therapy

N (%)

Conventional
therapy

N (%)

Adj.  
Hazard Ratio 

(95% CI)

P-value

Overall-guided vs. conventional therapy

MACE (primary e#cacy) 94 (2.8) 114 (3.5) 0.83 (0.63, 1.09) 0.17

BARC 2-3-5 (primary safety) 203 (6.2) 225 (6.9) 0.88 (0.72, 1.06) 0.17

NACE 282 (8.6) 324 (9.8) 0.85 (0.73, 1.00) 0.048

CV mortality 27 (0.8) 23 (0.7) 1.18 (0.68, 2.07) 0.55

Myocardial infarction 51 (1.6) 75 (2.3) 0.68 (0.48, 0.97) 0.035

Stroke 16 (0.5) 21 (0.6) 0.76 (0.40, 1.46) 0.41

Stent thrombosis 25 (0.8) 29 (0.9) 0.86 (0.50, 1.47) 0.32

BARC 3-5 60 (1.8) 49 (1.5) 1.23 (0.84, 1.79) 0.29

Guided de-escalation vs. conventional strategy

MACE (primary e#cacy) 37 (3.1) 42 (3.5) 0.87 (0.56, 1.36) 0.54

BARC 2-3-5 (primary safety) 145 (12.2) 177 (15.0) 0.78 (0.63, 0.98) 0.030

NACE 171 (14.4) 212 (17.8) 0.77 (0.63, 0.94) 0.012

CV mortality 8 (0.7) 9 (0.8) 0.87 (0.33, 2.24) 0.77

Myocardial infarction 20 (1.7) 27 (2.3) 0.74 (0.41, 1.31) 0.30

Stroke 10 (0.8) 10 (0.8) 0.97 (0.41, 2.34) 0.95

Stent thrombosis 8 (0.7) 9 (0.8) 0.89 (0.34, 2.30) 0.80

BARC 3-5 27 (2.3) 23 (1.9) 1.16 (0.66, 2.02) 0.60

Guided escalation vs. conventional strategy

MACE (primary e#cacy) 57 (2.7) 72 (3.5) 0.79 (0.56, 1.12) 0.19

BARC 2-3-5 (primary safety) 58 (2.8) 48 (2.3) 1.22 (0.83, 1.79) 0.31

NACE 111 (5.3) 112 (5.3) 1 (0.77, 1.30) 0.99

CV mortality 19 (0.9) 14 (0.7) 1.38 (0.69, 2.75) 0.36

Myocardial infarction 31 (1.5) 48 (2.4) 0.65 (0.41, 1.02) 0.062

Stroke 6 (0.3) 11 (0.5) 0.55 (0.20, 1.49) 0.24

Stent thrombosis 17 (0.8) 20 (1.0) 0.85 (0.45, 1.63) 0.63

BARC 3-5 33 (1.6) 26 (1.2) 1.28 (0.76, 2.14) 0.35
Abbreviations: CV: Cardiovascular; BARC: Bleeding Academic Research Consortium; MACE: major adverse 
cardiovascular events; NACE: net adverse clinical events.
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Figure 2. 12-month Kaplan-Meier curves for the primary e!cacy endpoint. 

Overall genotype guided vs. conventional therapy (up), genotype-guided de-escalation vs. conventional therapy 
(left) and genotype-guided escalation vs. conventional therapy (right). None of the tested strategies reduced the 
primary e!cacy endpoint of MACE compared with conventional therapy. Abbreviations: MACE= Major adverse 
cardiovascular events, PCI= percutaneous coronary intervention, adj= adjusted.
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Figure 3. 12-month Kaplan-Meier curves for NACE. 

Overall genotype-guided vs. conventional therapy (up), genotype-guided de-escalation vs. conventional therapy 
(left) and genotype-guided escalation vs. conventional therapy (right). Overall genotype-guided and genotype-
guided de-escalation, but not genotype-guided escalation, reduced NACE compared with conventional  therapy. 
Abbreviations: NACE= net adverse cardiovascular events, PCI= percutaneous coronary intervention, HR= Hazard ratio, 
adj= adjusted.

3.3 Time-dependent covariate analysis - Guided strategy in the overall study population
Analyses with time-dependent treatment e!ects showed that the primary safety endpoint was lower 
in the "rst 90 days in the genotype-guided group (adjHR 0.76, 95% CI 0.58, 0.99), 14 while there was no 
di!erence between groups after 90 days (adjHR 1.02, 95% CI 0.78, 1.35) from PCI. Guided strategy did not 
reduce the risk of the primary e#cacy endpoint prior to 90 days (adjHR 0.80, 95% CI 0.55, 1.16) or after 90 
days (adjHR 0.86, 95% CI 0.57, 1.29) from PCI, compared to conventional therapy (Table S12 and Figure 
S10). NACE was lower in the "rst 90 days in the genotype-guided group (adjHR 0.77, 95% CI 0.62, 0.95;), 
while there was no di!erence between groups after 90 days (adjHR 0.96, 95% CI 0.76, 1.21) from PCI 
(Figure 4).
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Figure 4. Kaplan-Meier event rates for NACE of overall, de-escalation and escalation genotype-guided therapy vs. 
conventional therapy before and after 3 months from PCI. 

Overall, genotype-guided and genotype-guided de-escalation strategies were e!ective in reducing NACE within 
the "rst 90 days following PCI but not beyond this period. In contrast, genotype-guided escalation did not result 
in a reduction of NACE either within or beyond the 90-day post-PCI timeframe. Abbreviations: NACE= net adverse 
cardiovascular events, PCI= percutaneous coronary intervention, HR= Hazard ratio, adj= adjusted.

De-escalation strategy 
The primary safety endpoint was lower in the "rst 90 days in the genotype-guided group (adjHR 0.68, 
95% CI 0.51, 0.92), while there was no di!erence between groups after 90 days (adjHR 0.93, 95% CI 0.68, 
1.29) from PCI (Table S15 and S17). There was no di!erence in the primary e#cacy endpoint between 
groups prior to 90 days (adjHR 0.98, 95% CI 0.59, 1.64) or after 90 days from PCI (adjHR 0.67, 95% CI 0.30, 
1.51), compared to conventional therapy (Table S12 and Figure S11). Similarly, NACE was lower prior 
to 90 days in the genotype-guided group (adjHR 0.72, 95% CI 0.55, 0.94;), while there was no di!erence 
between groups after 90 days (adjHR 0.86, 95% CI 0.63, 1.17) from PCI (Figure 4). 

Escalation strategy 
The primary safety endpoint prior (adjHR 1.12, 95% CI 0.66, 1.92) or after 90 days (adjHR 1.28, 95% CI 0.79, 
2.09) from PCI was similar between groups. There was a non-signi"cant trend towards reduced primary 
e#cacy endpoint with genotype-guided escalation prior to 90 days (adjHR 0.66, 95% CI 0.39, 1.10) from 
PCI compared to conventional therapy, while there was no di!erence between groups after 90 days 
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adjHR 0.93, 95% CI 0.59, 1.48; p=0.77) (Table S12 and Figure S12). There was no di!erence in NACE 
between groups prior to 90 days (adjHR 0.88, 95% CI 0.60, 1.28) or after 90 days from PCI (adjHR 1.11, 95% 
CI 0.78, 1.56) (Figure 4). Interestingly, there was a borderline-signi"cant reduction in MI prior to 90 days 
(adjHR 0.48, 95% CI 0.23, 1.00) from PCI, compared to conventional therapy (Table S12).

DISCUSSION

The main "ndings of this IPD-MA can be summarized as follows. In ACS patients undergoing PCI: (i) in 
ACS patients, overall genotype-guided selection of oral P2Y12 inhibitors signi"cantly reduces NACE, 
but not MACE or bleeding, highlighting the importance of evaluating guided de-escalation and 
escalation strategies as distinct clinical approaches; (ii) a strategy of genotype-guided de-escalation 
reduced bleeding by 22% and NACE by 23% without any trade-o! in MACE at 12 months compared to 
conventional therapy in ACS patients; (iii) a genotype-guided escalation strategy did not signi"cantly 
improve safety or e#cacy outcomes at 12 months compared to conventional therapy in ACS patients; 
(iv) the bene"ts of a genotype-guided selection of oral P2Y12 inhibitors in ACS patients undergoing PCI 
is mostly con"ned to the initial three months following ACS. Our IPD-MA "ndings deriving from RCTs are 
consistent with the ever- growing evidence from real-world registries supporting the clinical bene"ts 
of a genotype-guided selection of oral P2Y12 inhibitors.23,24 Overall, these consistent observations 
support recommendations from position papers on the use of genetic testing to guide the selection 
of oral P2Y12 inhibitors in selected cohorts of patients undergoing PCI.9,17,25 CYP2C19 genetic testing 
may be of particular relevance among ACS patients at both high ischemic and bleeding risk to optimize 
the safety-e#cacy balance of antiplatelet therapy.9 Clopidogrel is the most commonly utilized P2Y12 
inhibitor worldwide.1 Despite its proven e#cacy, a considerable number of patients have inadequate 
platelet inhibition and persist with HPR, a marker of thrombotic events.9 CYP2C19 genetic variants 
have emerged as a key determinant of clopidogrel response given that clopidogrel is involved in both 
metabolic steps leading to generation of the active clopidogrel metabolite.11,12 Carriers of one LoF 
allele (intermediate metabolizer) are as frequent as 20-45%, depending on ethnicity, and have reduced 
levels of active clopidogrel metabolite, high rates of on-treatment HPR and increased cardiovascular 
events.13-16 Moreover, carriers of two LoF alleles (poor metabolizer) account for the 12-15% of the treated 
population, depending on ethnicity, and are associated with almost 50% lower active clopidogrel 
metabolite levels and even higher on-treatment HPR rates and a greater increase in CV events compared 
to non-carriers.13-16 These observations prompted the Food and Drug Administration to issue a boxed 
warning on the product label of clopidogrel to consider the use of alternative agents (i.e., prasugrel 
or ticagrelor) among poor clopidogrel metabolizers requiring oral P2Y12 inhibitors.26,27 The European 
Medicines Agency included a warning in the section on special warning and precautions for use in 
the clopidogrel’s Summary of Product Characteristics (SmPC)27. Similarly, the Clinical Pharmacogenetics 
Implementation Consortium guideline for CYP2C19 genotype and clopidogrel therapy recommends 
the use of alternative P2Y12 inhibitors in patients who are con"rmed carriers of CYP2C19 LoF alleles.17 
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Furthermore, a scienti!c statement from the American Heart Association and a recent international 
consensus document also support CYP2C19 genetic testing before oral P2Y12 inhibitors are prescribed 
in patients undergoing PCI.9,25 However, there is weak or no recommendation on the use of genetic 
testing in practice guidelines which likely stems from some of the limitations of early investigations as 
well as failure to put the data from more recent RCTs and meta-analyses into the correct context.2,3 
 Thus far, two major RCTs testing a genotype-guided selection of antiplatelet therapy in PCI patients 
using a comprehensive genotyping panel including both CYP2C19*2 and *3 LoF alleles are available, 
and have both been included in this IPD-MA.18,19 Of these, POPular Genetics selectively included STEMI 
patients, while TAILOR-PCI also included patients presenting with NSTEMI and CCS.18,19 Moreover, while 
the former tested a strategy of genotype-guided de- escalation, the latter tested a strategy of genotype-
guided escalation compared to conventional therapy, making it di"cult to compare their results, as these 
strategies have di#erent objectives on outcomes. Furthermore, TAILOR-PCI, was primarily designed to 
compare genotype-guided vs. conventional therapy selectively among carriers of CYP2C19 LoF alleles, 
while the outcomes among the totality of patients undergoing PCI were published as a secondary 
analysis, which was not powered to draw any de!nitive conclusions.19 Statistical power for ischemic 
endpoints was also limited in the POPular Genetics trial, in which the primary bleeding endpoint was 
powered for superiority, but the co-primary endpoint included both ischemic and bleeding outcomes 
using a non-inferiority design.18

 In an attempt to overcome some of the limitations of individual trials, several study-level meta-
analyses have been performed.28,29 In particular, by increasing statistical power, study-level meta-analysis 
have shown that strategies of guided escalation and de-escalation of oral P2Y12 inhibiting therapy 
improve outcomes compared to conventional therapy.28 Moreover, a network meta-analysis comparing 
guided vs. standard P2Y12 therapy with prasugrel or ticagrelor among ACS patients undergoing PCI 
found that guided therapy may be associated with the best clinical performance, reducing MACE 
without increasing bleeding risk.29 However, study-level meta- analyses have inherent limitations, most 
importantly the heterogeneity of the included populations. Moreover, study-level meta-analysis do 
not allow for adjustments of confounding factors, assessment of endpoints other than those reported, 
exploring the speci!c impact of the treatment strategies across subgroups or examining time-varying 
e#ects. IPD-MA may overcome these limitations. 

This is the !rst IPD-MA of RCTs selectively conducted in ACS patients undergoing PCI exploring the 
safety and e"cacy of a genotype-guided selection of oral P2Y12 inhibitors according to the strategy 
used (i.e., de-escalation or escalation), compared with conventional therapy. We observed that the 
overall genotype-guided strategy did not signi!cantly impact the primary safety or e"cacy endpoints 
individually compared to conventional therapy. However, it was associated with a reduction in NACE. 
These !ndings align with international consensus recommendations emphasizing that de-escalation 
and escalation strategies should be evaluated separately, as their clinical objectives are fundamentally 
di#erent.9 Speci!cally, de-escalation aims to reduce bleeding risk without compromising e"cacy, 
whereas escalation seeks to enhance e"cacy without compromising safety.
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In our analysis, de-escalation (i.e., switching from ticagrelor, which was the P2Y12 inhibitor used for 
most patients in the conventional therapy group, to clopidogrel among non-carriers of CYP2C19 LoF 
alleles) reduced the primary safety endpoint and NACE without any trade-o! in MACE compared 
with conventional therapy. Although derived from subgroup analyses and thus underpowered and 
hypothesis-generating, these "ndings were consistent across various subgroups, including elderly 
patients, those presenting with STEMI, and individuals undergoing high-risk PCI. Furthermore, time-
dependent covariate analysis revealed that the reduction in bleeding with the genotype-guided de-
escalation was particularly pronounced early (<3 months) after PCI. These "ndings hold signi"cant clinical 
relevance, as they pertain to the critical time frame during which ACS patients undergoing PCI are at the 
highest risk of bleeding and thrombotic events.1 This highlights the importance of early implementation 
of genotype-guided P2Y12 inhibitor therapy in ACS patients undergoing PCI.1,30 Furthermore, compared 
to other de-escalation antiplatelet strategies, genotype-guided de-escalation is the only approach that 
can be implemented immediately at the time of PCI, whereas other strategies are typically initiated 1 
to 3 months after standard DAPT.1,21,31 This early implementation o!ers a crucial advantage, potentially 
playing a key role in optimizing outcomes during this critical high-risk period. 
 Compared to conventional therapy, a genotype-guided escalation strategy was associated with 
a 17% reduction in MACE, although this did not reach statistical signi"cance, and a signi"cant 32% 
reduction in MI at 12 months. It is important to note that the "ndings of this analysis may be in#uenced 
by insu$cient statistical power to detect di!erences between groups. In fact, hard ischemic events 
occur far less frequently than bleeding events in ACS patients undergoing PCI, necessitating a larger 
sample size to achieve the statistical power to test this hypothesis. On the other hand, it should be 
acknowledged that guided escalation was associated with a trend toward a 22% increase in bleeding 
compared with conventional therapy. This potential increase is biologically plausible, as the strategy 
results in the use of a potent P2Y12 inhibitor in approximately 30% of clopidogrel non-responders. 
However, a more favorable safety pro"le is still expected compared to an unguided strategy in which 
100% of patients receive a potent P2Y12 inhibitor. Pivotal RCTs that established the higher e$cacy 
but lower safety of potent P2Y12 inhibitors vs. clopidogrel included three to "ve times the number of 
patients used in our analysis.4,5 Nevertheless, it is important to acknowledge that is unlikely that RCTs 
speci"cally designed to test the hypothesis that genotype-guided escalation is superior to conventional 
therapy in the ACS setting will be conducted, given that potent P2Y12 inhibitors remain the standard 
of care for these patients. Consequently, the "ndings on genotype-guided de-escalation have more 
practical implications for daily clinical practice, further underscoring the relevance of our study "ndings.

Study Limitations
This study has some limitations. First, because POPular Genetics and TAILOR-PCI mainly used a de-
escalation and escalation strategy vs. conventional therapy, respectively, it could be argued that 
performing a pre-speci"ed analysis according to the strategy used (i.e., de-escalation vs. escalation) 
would re#ect the results of the individual studies. However, this potential limitation does not impact the 
primary analysis, which compares the overall genotype-guided strategy with conventional treatment. 
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Notably, we found that overall genotype-guided strategy reduced MI and NACE vs. conventional 
therapy. Additionally, the patients included in this analysis di!er slightly from those reported in the 
original publications of both trials. Speci"cally, excluded from the POPular Genetics dataset patients with 
concomitant anticoagulant use (n= 122), but included 179 patients who were enrolled prior to the major 
protocol revision that shifted the approach from escalation to de-escalation, as well as patients who 
experienced events within the "rst 24 hours after PCI. Moreover, we excluded 972 CCS patients and 115 
patients with anticoagulation at discharge from the TAILOR-PCI dataset, ensuring that the analysis was 
conducted on a homogeneous cohort of patients with ACS. Notably, this exclusion did not disrupt the 
random allocation, as randomization in the TAILOR-PCI trial was strati"ed based on clinical presentation 
and only a minority of patients was prescribed anticoagulation at discharge. Finally, the use of MACE 
and bleeding as co-primary endpoints and the performance of subgroup analysis, analyses with time- 
dependent treatment e!ects, and analysis according to multiple events, signi"cantly add to the results 
of individual studies. Second, although this analysis increased the statistical power for ischemic and 
bleeding endpoints, it cannot be excluded that some of the results su!er from low statistical power to 
draw de"nitive conclusions. Third, although our study did not show that a guided escalation reduced 
MACE at 12 months, a time-dependent covariate analysis did show a bene"t at 90 days, a time frame 
during which most ischemic events occur. Moreover, it is important to note that our analysis focused 
on ACS patients undergoing PCI, a population in which the recommended treatment is represented by 
prasugrel or ticagrelor, except for those deemed at high bleeding risk or for situations in which these 
two drugs are not available (i.e., low-income countries or budget limitations).2,3 Therefore, our "ndings 
on a strategy of genetic guided de-escalation are clinically more relevant given that escalation may be 
less likely to occur in ACS patients undergoing PCI and may ultimately help reduce costs and improve 
adherence to therapy as shown by real-world studies and analytic models.32,33

CONCLUSION

Among ACS patients undergoing PCI, a genotype-guided selection of oral P2Y12 inhibitors reduced 
NACE, but not MACE or bleeding. However, our "ndings are suggestive that safety and e#cacy outcomes 
may vary according to type strategy implemented (de-escalation vs. escalation) with a strategy of 
guided de-escalation showing a reduction in bleeding and NACE without trade-o! in MACE compared 
with conventional therapy and hence being more clinically impactful than guided escalation which 
did not show signi"cant di!erences in outcomes likely attributed to low statistical power. Our analysis 
also suggests time-dependent bene"ts with a genotype-guided approach occurring mostly within the 
"rst 90 days after PCI. These "ndings support the integration of genetic testing to better optimize the 
balance between ischemic and bleeding risks in ACS patients undergoing PCI.
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ABSTRACT

Background
Among patients treated with a novel oral anticoagulant (NOAC) undergoing percutaneous coronary 
intervention (PCI), combination therapy with clopidogrel (ie, known as dual antithrombotic therapy 
[DAT]) is the treatment of choice. However, there are concerns for individuals with impaired response 
to clopidogrel.

Objectives
The authors sought to assess the pharmacodynamic (PD) e!ects of clopidogrel vs low-dose ticagrelor in 
patients with impaired clopidogrel response assessed by the ABCD-GENE score.

Methods
This was a prospective, randomized PD study of NOAC-treated patients undergoing PCI. Patients with an 
ABCD-GENE score ≥10 (n = 39), de#ned as having impaired clopidogrel response, were randomized to 
low-dose ticagrelor (n = 20; 60 mg twice a day) or clopidogrel (n = 19; 75 mg once a day). Patients with 
an ABCD-GENE score <10 (n = 42) were treated with clopidogrel (75 mg once a day; control cohort). 
PD assessments at baseline and 30 days post-randomization (trough and peak) were performed to 
assess P2Y12 signaling (VerifyNow P2Y12 reaction units [PRU], light transmittance aggregometry, and 
vasodilator-stimulated phosphoprotein); makers of thrombosis not speci#c to P2Y12 signaling were also 
assessed. The primary endpoint was PRU (trough levels) at 30 days.

Results
At 30 days, PRU levels were reduced with ticagrelor-based DAT compared with clopidogrel-based DAT 
at trough (23.0 [Q1-Q3: 3.0-46.0] vs 154.5 [Q1-Q3: 77.5-183.0]; P < 0.001) and peak (6.0 [Q1-Q3: 4.0-14.0] 
vs 129.0 [Q1-Q3: 66.0-171.0]; P < 0.001). Trough PRU levels in the control arm (104.0 [Q1-Q3: 35.0–167.0]) 
were higher than ticagrelor-based DAT (P = 0.005) and numerically lower than clopidogrel-based DAT 
(P = 0.234). Results were consistent by light transmittance aggregometry and vasodilator-stimulated 
phosphoprotein. Markers measuring other pathways leading to thrombus formation were largely 
una!ected.

Conclusions
In NOAC-treated patients undergoing PCI with an ABCD-GENE score ≥10, ticagrelor-based DAT using a 
60-mg, twice-a-day regimen reduced platelet P2Y12 reactivity compared with clopidogrel-based DAT.
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INTRODUCTION

Dual antiplatelet therapy (DAPT) with aspirin and a P2Y12 inhibitor is the standard of care in patients 
undergoing percutaneous coronary intervention (PCI).1 However, approximately 10% to 15% of patients 
undergoing PCI also require treatment with an oral anticoagulant (OAC), raising concerns on the 
optimal antithrombotic treatment in this setting.2 Randomized trials, mostly conducted in patients with 
atrial !brillation (AF), have consistently shown that, after a brief period of DAPT, drop ping aspirin while 
maintaining a P2Y12 inhibitor in combination with an OAC, known as dual antithrombotic therapy (DAT), 
is associated with better safety and similar e"cacy compared with triple antithrombotic therapy (TAT).3 
Accordingly, in the absence of contraindications, practice guidelines recommend a DAT regimen with 
a novel oral anticoagulant (NOAC) preferred over a vitamin K antagonist, and clopidogrel as the P2Y12 
inhibitor of choice.4-10 How-ever, it is also important to note that the individual trials were not powered 
for e"cacy, and a meta-analysis composed of larger data sets suggests the potential for an increased 
risk of thrombotic complications with DAT compared with TAT.11 Clopidogrel is the most broadly used 
P2Y12 inhibitor and is associated with synergistic platelet inhibitory e#ects when combined with aspirin.12 
However, clopidogrel is characterized by broad interindividual response variability, with up to 30% of 
patients having high platelet reactivity (HPR), a marker of thrombotic risk.13 Genetic polymorphism of the 
cytochrome P450 2C19 (CYP2C19) enzyme and clinical factors de!ne clopidogrel response.14,15 To this 
extent, the Age, Body Mass Index, Chronic Kidney Disease, Diabetes Mellitus, and Genotyping (ABCD-
GENE) score is a useful tool to identify patients with HPR on clopidogrel and who are at increased risk 
for adverse ischemic events.16 The non-negligible prevalence of HPR among clopidogrel-treated patients 
raises concerns, particularly if antiplatelet protection is further encumbered by interrupting aspirin 
therapy, as recommended for NOAC-treated patients undergoing PCI.17 Alternative P2Y12 inhibitors 
(ie, prasugrel and ticagrelor) are characterized by more potent and uniform pharmacodynamic (PD) 
e#ects compared with clopidogrel, and their use is recommended in patients with impaired clopidogrel 
response.13,18 
 However, to date, there are limited data on the PD e#ects of alternative therapies (ie, ticagrelor) in 
NOAC-treated patients under-going PCI. The aim of this study was to assess the PD e#ects of clopidogrel 
vs ticagrelor in patients with impaired clopidogrel response assessed by the ABCD-GENE score in NOAC-
treated patients undergoing PCI.

METHODS

Study Design and Participants
The SWAP-AC-2 (Switching Anti-Platelet and Anti-Coagulant Therapy–2) was a prospec-tive, randomized, 
multicenter, open-label investigation aimed to assess the PD e#ects of clopidogrel-based DAT vs 
ticagrelor-based DAT in NOAC-treated patients undergoing PCI (Tailoring P2Y12 Inhibiting Therapy in 
Patients Requiring Oral Anticoagulation After PCI; NCT04483583). Patients were screened for eligibility 
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after successful PCI at 2 enrolling centers (University of Florida Col lege of Medicine in Jacksonville, 
Florida, USA, and St. Antonius Hospital in Nieuwe gein, the Netherlands). Details on study in-clusion and 
exclusion criteria are provided in the Supplemental Appendix. In brief, patients were eligible for the study 
if they were !18 years of age, had undergone successful PCI (ie, PCI completed without complications as 
de"ned by site investigators), and were treated with DAPT as per standard of care. All patients needed 
to be on treatment with a NOAC (ie, apixaban, dabigatran, edoxaban, or rivaroxaban). Patients with 
any indication to be on a NOAC were eligible, including AF, atrial #utter, venous thromboembolism, 
and intracardiac thrombus. Key exclusion criteria included any active bleeding, high risk for bleeding, 
ischemic stroke within 1 month, any history of hemorrhagic stroke or intracranial hemorrhage, end-
stage renal disease on hemodialysis, known severe liver dysfunction, treatment with strong inhibitors 
of both CYP3A4 and P-glycoprotein, hemoglobin $9 mg/dL, and platelet count <80 x 106/mL. The 
study complied with the Declaration of Helsinki, was approved by the Western Institutional Review 
Board, and all patients gave written informed consent.
 Clopidogrel response was assessed by the ABCD-GENE score (see the Supplemental 
Appendix for details).16 Patients with an ABCD-GENE score !10 were de"ned as having impaired 
clopidogrel response.16 Randomization occurred post-PCI once results of genetic testing became 
available, mostly before hospital discharge, but not beyond 3 days post-PCI. Patients with an ABCD-
GENE !10 score were randomized in a 1:1 ratio to clopidogrel (75 mg once a day; standard of care arm) 
or ticagrelor (60 mg twice a day; experimental arm). The 60-mg, twice-a-day maintenance dose regimen 
was chosen in light of data showing that this dose pro-vides platelet inhibitory e%ects not dissimilar from 
the 90-mg, twice-a-day dosing regimen but with fewer side e%ects yet with more potent and consis-
tent platelet inhibitory e%ects than clopidogrel, including after PCI.19-22 Patients with an ABCD-GENE <10 
(control group) were treated with clopidogrel (75 mg once a day). The PCI procedure was performed 
according to standard of care. Given that the choice of P2Y12 inhibitor during the PCI procedure was at 
the discretion of the treating physician, the following recommendations were made based on the agent 
chosen (clopidogrel, prasugrel, or ticagrelor) and the treatment assignment: 1) patients assigned to 
clopidogrel and treated with clopidogrel during PCI continued with a 75-mg, once-a-day maintenance 
dose for the duration of the study; 2) patients assigned to clopidogrel but treated with ticagrelor or 
prasugrel during PCI received a 600-mg loading dose of clopidogrel followed by a 75-mg, once-a-day 
maintenance dose for the duration of the study; 3) patients assigned to ticagrelor and treated with 
ticagrelor during PCI continued with ticagrelor 60-mg, twice-a-day maintenance dose for the duration 
of the study; and 4) patients assigned to ticagrelor but treated with clopidogrel or prasugrel during PCI 
received a 180-mg loading dose, followed by a 60-mg twice-a-day dose for the duration of the study. 
These switching strategies are in line with consensus recommendations and practice guide-lines.23,24 
All patients were on aspirin 81 mg once a day during the peri-PCI period and discontinued aspirin at 
any time between hospital discharge up to 7 days after PCI at the discretion of the treating physician as 
per guideline recommendations.3,9 The choice and dose of NOAC was at the discretion of the treating 
physician and was not changed during the course of the study period.
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 The assigned treatment was maintained for 30 ± 5 days. PD assessments were conducted at 3 time 
points: 1) baseline, generally at the time of hospital discharge and before starting randomized treatment; 
2) 30 ± 5 days after randomization: before the administration of the morning doses of P2Y12 inhibiting 
therapy and NOAC (trough levels of platelet reactivity); and 3) 30 ± 5 days after randomization: 2 hours 
after the administration of the morning doses of P2Y12 inhibiting therapy and NOAC (peak levels of 
platelet reactivity). Compliance to treatment was assessed by patient interview. Figure 1 illustrates the 
overall study design.

Figure 1. Study design. 

Trough and peak denote before drug administration and 2 hours after, respectively. ABCD-GENE score=Age, Body Mass 
Index, Chronic Kidney Disease, Diabetes Mellitus, and Genotyping score; bid=twice a day; DAT=dual antithrombotic 
therapy; NOAC=novel oral anticoagulant; PCI=Percutaneous coronary intervention; PD=pharmacodynamics; 
qd=once day. 

Blood Sampling and Laboratory Assessments
A detailed description of PD assessments is provided in the Supplemental Appendix. In brief, 
peripheral venous blood samples were drawn through a short venous catheter inserted into a forearm 
vein and collected in citrate, EDTA, and serum tubes as appropriate for assessments. The !rst 2 to 4 mL of 
blood were discarded to avoid spontaneous platelet activation. PD assessments were conducted using 
a number of di"erent assays, allowing us to assess for markers speci!c to P2Y12 receptor signaling and 
other markers of platelet function and thrombus formation. The rationale for the former was that the 
study was designed to test the e"ects of ticagrelor speci!cally on the P2Y12 receptor. However, there 
are limited data with ticagrelor at a low-dose regimen (ie, 60 mg twice a day) in the post-PCI setting, 
particularly with early discontinuation of aspirin therapy. The rationale for the latter was to understand 
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the interplay between P2Y12 inhibitors with varying degrees of platelet inhibitory e!ects and NOACs 
on di!erent markers of platelet aggregation and thrombus formation, which has been poorly explored. 
Markers of P2Y12 receptor signaling were assessed using 3 di!erent assays: 1) VerifyNow PRU system with 
results reported in P2Y12 reaction units (PRU); 2) light transmission aggregometry (LTA) (Chrono-Log 
Corp) following adenosine diphosphate (ADP) (20 mmol/L) stimuli with results reported as maximum 
platelet aggregation (MPA); and 3) whole-blood vasodilator-stimulated phosphoprotein (Biocytex) 
with results reported as platelet reactivity index (PRI).25,26 PD assessments to assess other markers of 
thrombosis included: 1) LTA following stimuli with arachidonic acid (AA) (1 mmol/L), collagen (3 mg/mL), 
thrombin receptor activating peptide (TRAP) (15 mmol/L), and a combination of agonists (collagen-
related peptide 2 mg/mL + ADP 5 mmol/L + TRAP 15 mmol/L; University of Florida only);27,28 2) total 
thrombus-formation anal ysis system (T-TAS) (Diapharma) using the AA-reacted (AR) and phospholipids-
reacted platelets (PL) chips, which evaluates the occlusion time (seconds) and total thrombogenicity 
(area under the pressure-time curve), respectively;25,26 and 3) a turbidimetric assay was used to study 
"brin clot formation by means of lag time (seconds), maximum absorbance (absorbance units), and clot 
lysis time (seconds).29-33 CYP2C19 genetic polymorphisms (*1, *2, *3, and *17) allele status were assessed 
with the Genomadix Cube CYP2C19 system (Genomadix) or TaqMan (Thermo Fisher Scienti"c).34,35 

 During study treatment, major adverse cardiac events (death, myocardial infarction, stroke, and 
ur gent revascularization procedures), serious adverse events (bleeding and other adverse events), and 
nonserious adverse events were collected. Bleeding and ischemic events were de"ned according to 
the Academic Research Consortium de"nitions.36,37 After completing the study, patients resumed an 
antithrombotic treatment regimen at the discretion of the treating physician.

Sample Size Calculation and Study Endpoints.
The primary endpoint was the comparison of the level of platelet reactivity, measured as trough levels of 
PRU using the VerifyNow system, between clopidogrel-based and ticagrelor-based DAT at 30 days after 
randomization in patients with an ABCD-GENE score #10. We hypothesized that ticagrelor 60 mg twice 
a day would lead to lower PRU than clopidogrel 75 mg once a day. Based on previous studies, assuming 
a SD of 80 and 55 PRU for clopidogrel and ticagrelor, respectively, a total sample size of 34 patients (17 
patients per treatment group) with valid primary endpoint data would be required to detect an absolute 
di!erence of 90 PRU between clopidogrel-based and ticagrelor-based DAT with a 90% power and a 
2-tailed alpha value of 0.05.19 Assuming a potential 25% in data attrition due to patient drop-out (eg, 
due to side e!ects or withdrawal of consent) or invalid PD samples (eg, due to hemolysis or technical 
reasons), a sample size of up to a total of 42 patients would be required. A control group of up to 42 
consecutive patients with an ABCD-GENE score <10 was also enrolled.
Additional exploratory endpoints included the comparisons among the control group (clopidogrel-
based DAT in patients with ABCD-GENE score<10) and the other 2 arms and comparisons between 
groups of rates of HPR. HPR was de"ned as PRUs >208, PRI >50%, and LTA 20 mmol/L >MPA% 50% and 
5 mmol/L >46%, in line with consensus de"nitions.13 
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Statistical Analysis
Conformity to the normal distribution was evaluated for continuous variables with the Kolmogorov-
Smirnov test. For baseline characteristics, categorical variables are expressed as frequencies and 
percentages; continuous variables were presented as mean ± SD or median (Q1-Q3). Continuous 
variables were analyzed for normal distribution with the Kolmogorov-Smirnov test. Comparisons 
for the primary endpoint and other intergroup or intragroup comparisons of continuous variables 
were performed with the Mann-Whitney U (2-group comparisons) and Kruskal-Wallis tests (3-group 
comparisons). Comparisons for categorical variables, including rates of HPR, were performed with the 
chi-square test or Fisher exact test. In line with prior investigations, there was no adjustment for multiple 
comparisons for the primary endpoint analysis.30,38,39

 A 2-tailed P value of <0.05 indicated a statistically signi!cant di"erence for superiority for all the 
ana lyses performed. Statistical analysis was performed using SPSS version 29.0 software (IBM). Graphs 
were plotted with GraphPad Prism version 9.1.0 (Dotmatics).
 The safety population included all randomized patients exposed to study medication. The PD 
population included all patients with valid PD data for the primary endpoint. Laboratory personnel were 
blinded to treatment assignments. The PD population was used to analyze all primary and exploratory 
end points. Statistical analyses of PD assessments were performed according to the actual treatment 
received (eg, for patients randomized to one treatment but switched to the other). Secondary analyses 
were also performed according to the intention-to-treat principle (ie, participants analyzed according to 
randomized treatment assignment) and excluding participants who crossed over.

RESULTS

Patient population
Between December 8, 2020, and September 6, 2023, a total of 81 participants provided written informed 
consent to participate in the study. A total of 39 patients had an ABCD-GENE score #10 and were 
randomized; 42 patients had an ABCD-GENE score <10 and were included in the control group. All 81 
participants were exposed to assigned treatment, representing the safety population (ticagrelor, n = 20; 
clopidogrel, n = 19, and control, n = 42). During follow-up, 11 patients withdrew consent, and 4 patients 
crossed over from the ticagrelor group to clopidogrel. Reasons for crossover were dyspnea (n = 3) and 
provider decision due to high bleeding risk (n = 1). Ultimately, 69 patients (ticagrelor, n = 14, clopidogrel, 
n = 20, and control, n = 35) completed the study, representing the PD population (Figure 2). Patient 
characteristics were similar between the randomized groups, except for the ABCD-GENE score, which 
was higher in the ticagrelor-based DAT group compared with clopidogrel-based DAT (14.7 ± 7.0 vs 11.5 
± 2.2; P = 0.035). The most common indication for NOAC was AF or $utter, and the most used NOAC 
was apixaban, both without di"erences among groups (Table 1). One patient allocated to clopidogrel-
based DAT had Bleeding Academic Research Consortium (BARC) type 3a bleeding (ie, overt bleeding 
with a decrease in hemoglobin between 3 to < 5g/dL); one patient in the clopidogrel-based DAT and 
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another in the ticagrelor-based DAT group had BARC type 2 bleeding (hematochezia and hematuria, 
respectively). A total of 7 patients in the ticagrelor-based DAT group developed dyspnea, causing the 
switch to clopidogrel in 3 patients (Supplemental Table 1).

Figure 2. Study consort diagram. 
*One patient allocated to ticagrelor was treated with clopidogrel because of the provider’s decision due to high bleeding 
risk, and three patients allocated to ticagrelor were switched to clopidogrel due to dyspnea. ABCD-GENE score=Age, 
Body Mass Index, Chronic Kidney Disease, Diabetes Mellitus, and Genotyping score; PD=pharmacodynamics.
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Table 1. Baseline characteristics.

Ticagrelor- 
based DAT  

(n=20)

Clopidogrel- 
based DAT  

(n=19)
P-value* Control 

(n=42) P-value**

Age, y 74.1±8.6 74.2±10.2 0.905 70.1±7.7 0.265

!Female 8 (40.0) 8 (42.1) 0.774 5 (11.9) 0.018

BMI, kg/m2 30.6±5.6 31.1±5.5 0.975 28.2±6.1 0.202

Race 0.536 0.156

   Black 3 (15.0) 4 (21.1) 3 (7.1)

   Asian 2 (10.0) 1 (5.3) 0

   White 15 (75.0) 14 (73.7) 39 (92.9)

Current smoker 0 3 (15.8) 0.106 8 (19.0) 0.097

Hypertension 19 (95.0) 17 (89.5) 0.932 34 (81.0) 0.219

Diabetes 11 (55.5) 13 (68.4) 0.389 14 (33.3) 0.027

Hyperlipidemia 20 (100) 17 (89.5) 0.122 38 (90.5) 0.340

Family History of CAD 7 (35.0) 7 (36.8) 0.799 19 (45.2) 0.864

Peripheral artery disease 1 (5.0) 5 (26.3) 0.056 3 (7.1) 0.070

Stroke/TIA 4 (20.0) 6 (31.6) 0.317 8 (19.0) 0.461

Prior MI 9 (45.0) 7 (36.8) 0.968 13 (31.0) 0.553

Prior PCI 12 (60.0) 9 (47.4) 0.515 15 (35.7) 0.240

Prior CABG 9 (45.0) 6 (31.6) 0.454 8 (19.0) 0.088

PCI Indication 0.386 0.795

   SIHD 13 (65.0) 9 (47.4) 24 (57.1)

   Unstable Angina 4 (20.0) 3 (15.8) 7 (16.7)

   NSTEMI 3 (15.0) 4 (21.1) 7 (16.7)

   STEMI 0 3 (15.8) 4 (9.5)

Number of Vessels Treated 1.1±0.3 1.1±0.3 0.625 1.0±0.3 0.486

Number of Stents Placed 1.3±0.6 1.2±0.6 0.674 1.7±0.7 0.068

GPI 1 (5.0) 2 (10.5) 0.932 1 (2.4) 0.344

Heparin 20 (100.0) 19 (100.0) - 40 (95.2) 0.368

Aspirin 11 (55.0) 15 (78.9) 0.236 25 (59.5) 0.364

Indication for oral anticoagulation 0.164 0.522

   Atrial "brillation/#utter 19 (95.0) 15 (78.9) 34 (81.0)

   Venous thromboembolism 1 (5.0) 4 (21.1) 7(16.6)

   Left ventricle thrombus 0 0 1 (2.4)

Oral anticoagulation 0.358 0.397

   Apixaban 12 (60.0) 16 (84.2) 24 (57.1)

   Dabigatran 1 (5.0) 0 1 (2.4)

   Edoxaban 0 0 2 (4.8)
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   Rivaroxaban 7 (35.0) 3 (15.8) 15 (35.7)

P2Y12 receptor antagonist† 15 (75.0) 16 (84.2) 0.326 36 (85.7) 0.288

   Clopidogrel 14 (93.3) 13 (81.3) 34 (94.4)

   Ticagrelor 1 (6.7) 3 (18.8) 2 (5.6)

Beta-blocker 15 (75.0) 15 (78.9) 0.849 35 (83.3) 0.921

ACEi/ARB 14 (70.0) 16 (84.2) 0.536 26 (61.9) 0.201

Statin 17 (85.0) 18 (94.7) 1.000 37 (88.1) 0.609

Nitrates 10 (50.0) 8 (42.1) 0.716 16 (38.1) 0.521

Proton pump inhibitor 15 (75.0) 11 (57.9) 0.180 21 (50.0) 0.173

Ca2+ antagonist 12 (60.0) 10 (52.6) 0.533 11 (26.2) 0.009

Oral hypoglycemic 8 (40.0) 9 (47.4) 0.968 5 (11.9) 0.010

Insulin 5 (25.0) 8 (42.1) 0.120 4 (9.5) 0.004

Hemoglobin, g/dL 13.3±1.4 12.1±2.0 0.057 13.6±1.7 0.021

Hematocrit, % 36.0±12.6 37.2±5.7 0.656 39.4±7.6 0.429

Creatinine, mg/dL 1.2±0.4 1.3±0.5 0.798 1.1±0.4 0.329

Platelets, !1,000/mm3 214±72 233±69 0.446 222±53 0.658

CYP2C19 genetics 0.080 <0.001

   *1/*1 6 (30.0) 7 (36.8) 17 (40.5)

   *1/*17 0 4 (21.1) 18 (42.9)

   *1/*2 9 (45.0) 6 (31.6) 3 (7.1)

   *17/*17 0 0 2 (4.8)

   *2/*17 2 (20.0) 2 (10.5) 2 (4.8)

   *2/*2 3 (15.0) 0 0

ABCD-GENE score 14.7±7.0 11.5±2.2 0.035 4.1±3.2 <0.001

Values are mean ± SD or n (%). Results were calculated in the safety population. *P-value of the comparison 
ticagrelor-based DAT vs. clopidogrel-based DAT. **P-value of the comparison ticagrelor-based DAT vs. clopidogrel-
based DAT vs. control. †After PCI before randomization. ACEi/ARB=Angiotensin-Converting Enzyme inhibitor/
Angiotensin Receptor Blocker; BMI=Body Mass Index; CABG=Coronary Artery Bypass Grafting; CAD=Coronary Artery 
Disease; GPI=Glycoprotein Inhibitor; MI=Myocardial Infarction; NSTEMI=Non-ST Elevation Myocardial Infarction; 
PCI=Percutaneous Coronary Intervention; SIHD=Stable Ischemic Heart Disease; STEMI=ST Elevation Myocardial 
Infarction; TIA=Transient Ischemic Attack

Pharmacodynamic Findings. Markers of P2Y12 signaling
At baseline, median PRU level in the randomized cohort was 161.5 (Q1-Q3: 92.3-194.3); PRU levels were 
numerically higher in the ticagrelor-based DAT group compared with clopidogrel-based DAT (189.0 
[Q1-Q3: 134.0-195.0] vs 135.0 [Q1-Q3: 72.5¬184.0]; P = 0.061). Di"erences in baseline platelet reactivity 
could be attributed to the higher ABCD-GENE score of patients randomized to ticagrelor-based DAT and 
a numerically higher frequency of baseline ticagrelor use in patients randomized to the clopidogrel-

Table 1. Continued
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based DAT group compared with ticagrelor-based DAT (Table 1). Parallel !ndings were observed with 
MPA% and PRI, although they did not yield statistical signi!cance in the latter (Supplemental Table 
2). Compared with the control group, there were no signi!cant di"erences in baseline PRU levels in the 
ticagrelor-based DAT group (P = 0.212) and clopidogrel-based DAT group (P = 0.823) (Supplemental 
Table 2). 
 At 30 days, PRU levels were signi!cantly lower with ticagrelor-based DAT compared with 
clopidogrel-based DAT at trough (primary endpoint 23.0 [Q1-Q3: 3.0-46.0] vs 154.5 [Q1-Q3: 77.5-183.5]; 
P < 0.001) and peak (6.0 [Q1-Q3: 4.0-14.0] vs 129.0 [Q1-Q3: 66.0-171.0]; P < 0.001) (Figure 3). Consistent 
results were observed when participants who crossed over were excluded from the analysis (23.0 [Q1-
Q3: 3.0-46.0] vs 162.5 [Q1-Q3: 97.5-189.5]; P < 0.001). Consistent !ndings were observed with MPA% 
and PRI, although not reaching statistical signi!cance for trough MPA% (Table 2). These !ndings were 
consistent among the randomized and control groups (Table 2, Supplemental Table 2, Figure 4). The 
rates of HPR varied according to the assay used and were overall lower in the ticagrelor-based DAT group 
(Table 2, Supplemental Table 2).

Figure 3. P2Y12 reaction units according to allocated group.

Box Whisker plot of the minimum, median, maximum, and interquartile range. ABCD-GENE score=Age, Body Mass 
Index, Chronic Kidney Disease, Diabetes Mellitus, and Genotyping score; IQR=interquartile range; PRU=P2Y12 reaction 
units
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Figure 4. Adenosine phosphate-induced maximal platelet aggregation and platelet reactivity index according to 
allocated group.

Box Whisker plot of the minimum, median, maximum, and interquartile range. ABCD-GENE score=Age, Body Mass 
Index, Chronic Kidney Disease, Diabetes Mellitus, and Genotyping

At 30 days, compared with the control group, ticagrelor-based DAT led to signi!cantly lower PRU (trough 
P = 0.005 and peak P = 0.001), ADP-induced MPA% (trough P = 0.071 and peak P = 0.002), and PRI 
levels (trough P < 0.001 and peak P < 0.001) (Table 2). Conversely, levels of platelet reactivity were 
numerically higher in the clopidogrel-based DAT compared with the control groups, albeit not reaching 
statistical signi!cance (Table 2). Consistent results were observed in the intention-to-treat analyses 
(Supplemental Table 3).
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Table 2. Pharmacodynamic !ndings of markers of P2Y12 signaling at 30-day follow-up.

  Ticagrelor-based DAT

(n=14)

Clopidogrel-based DAT 

(n=20)
P-value*

Control

(n=35)
P-value**

Trough

Verify Now, PRU 23.0 (3.0–46.0) 154.5 (77.5–183.0) <0.001 104.0 (35.0–167.0) 0.002

   HPR 0 3 (15.0) 0.251 8 (22.9) 0.141

ADP 20µM, MPA% 34.1 (19.8–61.0) 50.0 (42.2–65.9) 0.129 52.9 (44.5–64.8) 0.154

   HPR 4 (28.6) 6 (30.0) 0.928 12 (34.3) 0.782

VASP, PRI 18.4 (12.9–27.3) 57.6 (35.0–73.5) <0.001 55.0 (32.5–71.6) <0.001

   HPR 1 (7.1) 12 (60.0) 0.003 19 (54.3) 0.003

Peak

Verify Now, PRU 6.0 (4.0–14.0) 129.0 (66.0–171.0) <0.001 78.0 (10.0–163.0) <0.001

   HPR 0 1 (5.0) 1.000 7 (20.0) 0.062

ADP 20µM, MPA% 25.5 (19.0–34.5) 49.0 (38.0–62.0) 0.005 44.7 (35.2–65.0) 0.006

   HPR 0 6 (30.0) 0.057 9 (25.7) 0.079

VASP, PRI 11.3 (1.9–18.2) 60.1 (21.0–76.5) <0.001 52.2 (31.4–68.6) <0.001

   HPR 0 10 (50.0) 0.002 15 (42.8) 0.003

Values are median (interquartile range), or n (%). Results were calculated in the pharmacodynamic population*P-value 
of the comparison ticagrelor-based DAT vs. clopidogrel-based DAT. **P-value of the comparison ticagrelor-based 
DAT vs. clopidogrel-based DAT vs. control. ADP=adenosine diphosphate; HPR=high platelet reactivity; MPA=maximal 
platelet aggregation; PRI=platelet reactivity index; PRU=P2Y12 reactivity units. 

Other markers of platelet aggregation and thrombus formation. 
At 30 days, there were no signi!cant di#erences in AA-induced, collagen-induced, TRAP-induced or 
combination of agonists– induced MPA% at trough or peak levels between clopidogrel-based DAT 
and ticagrelor-based DAT (Table 3, Supplemental Figures 1 to 4). Similarly, there were no signi!cant 
di#erences between clopidogrel-based DAT and ticagrelor-based DAT in occlusion time or total 
thrombogenicity at trough or peak levels as assessed by T-TAS (Table 3, Supplemental Figures 5 and 
6). Assessment of !brin clot formation at 30 days showed shorter lag time in the clopidogrel-based 
DAT group compared with ticagrelor-based DAT at trough, but without di#erences in clot maximum 
absorbance or lysis. At peak, there were no signi!cant di#erences between groups in lag time, maximum 
absorbance, or clot lysis (Table 3, Figure 5).
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Figure 5. Fibrin Clot Formation Parameters According to Allocated Group.

(A) Lag time reported in seconds. (B) Maximum absorbance reported in absorbance units. (C) Clot lysis reported in 
seconds. Box Whisker plot of the minimum, median, maximum, and interquartile range. ABCD-GENE score = Age, 
Body Mass Index, Chronic Kidney Disease, Diabetes Mellitus, and Genotyping score.

DISCUSSION

The present study is the !rst to prospectively assess the PD e"ects of clopidogrel vs ticagrelor in NOAC-
treated patients undergoing PCI, and who have discontinued aspirin in the peri-PCI period, with impaired 
clopidogrel response as assessed by the ABCD-GENE score. The key observations from our study can be 
summarized as follows: 1) in patients with impaired clopidogrel response de!ned as having an ABCD-
GENE score #10, ticagrelor at a 60-mg, twice-a-day regimen was associated with enhanced P2Y12 
inhibitory e"ects compared with clopidogrel 75 mg once a day as corroborated by multiple assays of 
P2Y12-dependent platelet reactivity; 2) ticagrelor at a 60-mg, twice-a-day regimen was associated with 
reduced rates of HPR, a marker of thrombotic risk; and 3) non-P2Y12 thrombotic pathways showed no 
di"erence comparing ticagrelor- and clopidogrel-treated individuals, except for lag time trough levels, 
which were shorter in the clopidogrel-based DAT group (Central Illustration).
 The optimal antithrombotic regimen in patients requiring OAC undergoing PCI has been a topic 
of extensive investigation over the past decade.2,17 Studies have consistently shown that maintaining 
OAC in adjunct to DAPT (ie, aspirin plus a P2Y12 inhibitor), known as TAT, is associated with prohibitively 
high rates of bleeding complications, underscoring the need for safer antithrombotic regimens yet also 
e$cacious for the prevention of thrombotic complications.4-8 Trials have shown that dropping aspirin 
in the peri-PCI period and maintaining single antiplatelet therapy with a P2Y12 inhibitor in adjunct to 
an OAC is associated with the most favorable safety and e$cacy pro!le.4-8 In particular, a NOAC should 
be preferred over a vitamin K antagonist, and clopidogrel is the P2Y12 inhibitor of choice.3,9,10 However, 
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cumulative evidence has shown that dropping aspirin in the peri-PCI period and maintaining clopidogrel 
as the sole antiplatelet agent is associated with a marginal increase in thrombotic complications during 
the !rst 30 days post-PCI.11,17 Indeed, several factors can contribute to these !ndings. Among these 
is the nonuniform degree of platelet inhibition induced by clopidogrel, with some patients having 
impaired P2Y12 inhibitory e"ects.13-15 Inadequate antiplatelet protection can be further enhanced by the 
withdrawal of aspirin therapy. Hence, de!ning the optimal antiplatelet regimen in patients also requiring 
treatment with a NOAC undergoing PCI, particularly within the !rst 30 days, remains an ongoing 
concern.17 The SWAP-AC-2 study is a PD investigation to test platelet inhibition with an alternative P2Y12 
inhibitor (ie, ticagrelor) in patients with impaired clopidogrel-induced platelet inhibition as identi!ed by 
the ABCD-GENE score.
Our study is the !rst to prospectively test di"erent antiplatelet treatment regimens according to ABCD-
GENE score. To date, the impact of the ABCD-GENE score on markers of platelet reactivity and clinical 
outcomes has been derived based on post hoc assessments of registries and randomized trials.16,40-43 
Therefore, the current investigation adds support to using the ABCD-GENE score to guide the selection 
of P2Y12 inhibitors. Although the use of platelet function testing would have allowed the best 
identi!cation of patients with HPR, it is well established that there are limitations to this approach.44 In 
particular, an accurate assessment of clopidogrel response would need to be performed 1 to 2 weeks 
after dosing, which limits practicality.13-15 On the other hand, genetic testing, now available with rapid 
bedside assays providing results within 60 minutes, integrated with readily available clinical factors can 
allow for the decision-making of selecting the P2Y12 inhibitor before hospital discharge.13-15 
 Outcomes associated with the use of ticagrelor in NOAC-treated patients are limited as its use was 
be-tween 4% and 12% of patients in clinical trials.5-8 Overall, !ndings were consistent with the main tri-
als results, albeit absolute bleeding rates with ticagrelor were higher compared with clopidogrel.45 It is 
important to note that a 90-mg, twice-a-day regimen of ticagrelor was used in these trials. However, our 
study considered a 60-mg, twice-a-day regimen, given that this provides sustained platelet inhibition, 
similar to that achieved with a 90-mg, twice-a-day regimen, but with a safer and better tolerability 
pro!le.19-22 A 60-mg, twice-a-day regimen in patients undergoing PCI has been tested in prior PD studies, 
showing enhanced platelet inhibitory e"ects compared with clopidogrel.19,20 Nevertheless, these 
studies were conducted in patients concomitantly treated with aspirin, and there is limited evidence 
of a ticagrelor 60-mg, twice-a-day regimen in the absence of aspirin during the peri-PCI period. Thus, 
another aspect of novelty of our study is the choice of a low-dose ticagrelor regimen (ie, 60 mg), which 
expands on prior PD investigations using a standard-dose ticagrelor regimen (ie, 90 mg) showing no 
di"erences in antithrombotic potency with respect to ex vivo blood thrombogenicity with or without 
aspirin.46 The importance of having adequate platelet inhibition in high-risk settings when dropping 
aspirin is underscored in studies using clopidogrel 75 mg once a day or a very-low dose of prasugrel 
(3.75 mg once a day), which showed an increase in thrombotic complications.47,48 The PD observations 
with ticagrelor 60 mg from this and prior investigations pro-vide reassurance of its e#cacy, particularly 
compared with clopidogrel.
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 The interplay between antiplatelet and anticoagulant therapy may raise concerns about how 
this may impact hemostasis and enhance the risk of bleeding.49 Ex vivo studies in clopidogrel- or 
ticagrelor-treated patients with established cardio-vascular disease have not shown platelet-mediated 
global thrombogenicity to be a!ected by a vascular dose regimen of rivaroxaban (2.5 mg twice a day), 
which more selectively a!ected markers of thrombin generation.49,50 Consistent "ndings were observed 
in this study using higher doses of NOACs, showing that other markers of thrombosis not speci"c to 
P2Y12 signaling were largely not a!ected by the agent (ie, clopidogrel or ticagrelor) or response to this 
agent. We demonstrated no di!erences in "brin-related thrombotic markers, using the dynamic clot 
formation and lysis assay, except for shorter lag time in the clopidogrel-based DAT arm, which may 
indicate increased thrombosis potential by mechanisms that remain an area for future research. These 
"ndings are of potential clinical importance as they suggest that the impact of ticagrelor-based DAT 
vs clopidogrel-based DAT is mainly driven by their P2Y12 inhibitor e!ects rather than any di!erential 
modulation of other pathways leading to thrombus formation.

Study Limitations
The PD nature of this investigation does not allow for drawing any de"nitive conclusions on the clinical 
implications of the observed "ndings. Due to practical considerations to stratify patients immediately 
after PCI, our study considered the ABCD-GENE score as a tool to identify patients with impaired 
clopidogrel-induced platelet inhibition, which, however, is not as accurate as a platelet function test 
performed while patients have been on steady-state (eg, 1-2 weeks) clopidogrel therapy. Moreover, 
in our study, patients were strati"ed based on the ABCD-GENE score, and it cannot be excluded that 
stratifying patients according to measures of thrombogenicity speci"c to this population (eg, degree 
of NOAC-induced thrombin generation) could also help tailor the selection of P2Y12 inhibiting therapy. 
Despite the reduced rates of dyspnea with a 60-mg compared with a 90-mg regimen of ticagrelor, 35% 
(7/20) of our patients still experienced this side e!ect, which remains a major limitation for ticagrelor 
use in clinical practice. PD investigations using prasugrel, which provides comparable platelet inhibitory 
e!ects to ticagrelor but without the dyspnea, represent an area of unmet need. Dyspnea led 3 patients 
randomized to ticagrelor to switch to clopidogrel, which reduced the sample size of ticagrelor-treated 
patients for our primary endpoint analysis. However, laboratory personnel were blinded to treatment 
assignment to maintain the scienti"c rigor of the study, which was completed according to the 
pre-speci"ed plan of having 34 patients with valid PD samples for the primary endpoint at 30 days. 
Nevertheless, our study still met the prede"ned primary endpoint, which was corroborated by multiple 
assays speci"c to P2Y12 signaling, supporting the su perior PD e#cacy of ticagrelor-based DAT compared 
with clopidogrel-based DAT in NOAC-treated patients undergoing PCI with an ABCD-GENE score $10. 
Moreover, consistent "ndings were observed when data were analyzed following the intention-to-treat 
principle and excluding participants who crossed over. Although our study showed HPR rates to be 
lower with ticagrelor-based DAT, these di!erences were not always statistically signi"cant. However, our 
study was not powered for a reduction in HPR, which would have required a larger sample size, and 
rates of HPR after ticagrelor dosing (ie, peak) were consistently null across assays. Ultimately, a ticagrelor 
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90-mg, twice-a-day group was not included as a comparator for the ticagrelor 60-mg group. How-ever, 
from a PD perspective, both doses provide similar levels of platelet inhibition.19-22 

CONCLUSION

In NOAC-treated patients undergoing PCI with an ABCD-GENE score !10, ticagrelor-based DAT using 
a 60-mg, twice-daily regimen signi"cantly reduced P2Y12-mediated platelet reactivity compared with 
clopidogrel-based DAT. Markers measuring other pathways leading to thrombus formation were largely 
una#ected by these treatments. The safety and e$cacy of a tailored section of P2Y12 inhibiting therapy 
in NOAC-treated patients undergoing PCI warrants further research in adequately powered randomized 
controlled trials.
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ABSTRACT

Background
Guidelines recommend prasugrel or ticagrelor for acute coronary syndrome (ACS) patients. However, 
these P2Y12 inhibitors increase bleeding risk compared to clopidogrel. Although genotype-guided 
P2Y12 inhibitor selection has been shown to reduce bleeding risk, data on its clinical implementation 
is lacking.

Methods
The study included ACS patients receiving genotype-guided antiplatelet therapy, utilising either a 
point-of-care (POC) device or laboratory-based testing. We aimed to collect qualitative and quantitative 
data on genotyping, eligibility for de-escalation, physician adherence to genotype results, time to de-
escalation and cost reduction.

Results
Of the 1,530 patients included in the ACS registry from 2021 to 2023, 738 ACS patients treated with 
ticagrelor received a CYP2C19 genotype test. The median turnover time of genotyping was 6.3 hours 
(interquartile range [IQR], 3.2 16.7), with 82.3% of the genotyping results known within 24 hours after 
admission. POC genotyping exhibited signi!cantly shorter turnaround times compared to laboratory-
based testing (with respective medians of 5.7 vs 47.8 hours; P < .001). Of the genotyped patients, 81.7% 
were eligible for de-escalation which was carried out within 24 hours in 70.9% and within 48 h in 93.0%. 
The time to de-escalation was signi!cantly shorter using POC (25.4 hours) compared to laboratory-
based testing (58.9 hours; P < .001). Implementing this strategy led to a reduction of €211,150.50 in 
medication costs.

Conclusions
CYP2C19 genotype-guided-de-escalation in an all-comers ACS population is feasible. POC genotyping 
leads to shorter turnaround times and quicker de-escalation. Time to de-escalation from ticagrelor to 
clopidogrel in noncarriers was short, with high physician adherence to genotype results.
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INTRODUCTION

Dual antiplatelet therapy (DAPT) with aspirin and a P2Y12 inhibitor is the cornerstone of treatment 
for patients with acute coronary syndrome (ACS).1,2 Guidelines recommend the use of ticagrelor or 
prasugrel, given their more consistent anti-platelet response, over clopidogrel for patients with ACS. This 
recommendation is based on the pivotal trials TRITON-TIMI 38 and PLATO demonstrating superiority 
over clopidogrel in reducing cardiovascular events.3–6 However, ticagrelor and prasugrel are associated 
with a higher bleeding risk than clopidogrel.1,4,6,7

 Clopidogrel is a pro-drug and needs to be oxidised by the CYP2C19 enzyme to become e!ective. 
However, around 30% of Europeans and 60% of Asians carry at least one loss-of-function (LoF) allele for 
the CYP2C19 genotype (*2 or *3), leading to reduced metabolisation.8 As a result, the United States Food 
and Drug Administration (FDA) warns against the use of clopidogrel in these patients and recommends 
the use of an alternative P2Y12 inhibitor. In line with the FDA’s recommendation, the European 
Medicines Agency (EMA) has also acknowledged the impact of CYP2C19 LoF alleles on clopidogrel 
e"cacy, emphasising the use of alternative antiplatelet therapies in poor metabolizers.9 This re#ects a 
global awareness of the clinical implications associated with CYP2C19 genetic variation in the context of 
antiplatelet therapy. This is based on data demonstrating that, compared to noncarriers, carriers of one 
(intermediate metabolizer) or two (poor metabolizer) CYP2C19 LoF alleles have a higher risk for major 
adverse cardiovascular events (MACE) when treated with clopidogrel.10–12

 The randomised clinical trial POPular Genetics showed that applying a genotype-guided de-
escalation strategy in ST-elevation myocardial infarction (STEMI) patients led to a reduction in bleeding 
without an increase in ischaemic events.13 However, to date the implementation of this strategy in an 
all-comers ACS population has not been reported. 
 The objective of this study was to provide objective insights on the feasibility of implementing an 
early routine CYP2C19 genotype-guided de-escalation strategy in patients with ASC, using both point-
of-care (POC) genotyping and laboratory-based testing (Table 1).
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Table 1. The di!erent CYP2C19 phenotypes and genotype, with their associated expected response to clopidogrel 
and treatment recommendation. This table is part of the local protocol.

Metabolizer 
phenotype

Genotype Response to 
clopidogrel

Recommendation 
to switch from 
ticagrelor to 
clopidogrel

Start of loading 
dose Clopidogrel 
(according to the 
ESC Guideline)

Ultra-rapid (UM) CYP*17/*17 Normal or increased 
antiplatelet response 
to clopidogrel

Yes 24h after last 
Ticagrelor dose

Rapid (RM) CYP *1/*17 Normal or increased 
antiplatelet response 
to clopidogrel

Yes 24h after last 
Ticagrelor dose

Normal (NM) CYP *1/*1 Normal antiplatelet 
response to 
clopidogrel

Yes 24h after last 
Ticagrelor dose

Intermediate (IM) 1 LOF allele  
(*1/*2, *1/*3, 
*2/*17, *3/*17)

Reduced antiplatelet 
response to 
clopidogrel

No -

Poor (PM) 2 LOF alleles  
(*2/*2, *2/*3, *3/*3)

Signi"cantly reduced 
antiplatelet response 
to clopidogrel

No -

METHODS

Study Design and Population
The rationale and design of the FORCE-ACS registry have been described previously.14 In brief, the 
FORCE-ACS registry is an ongoing prospective registry in which nine Dutch hospitals participate. All 
hospitals are capable of performing coronary angiography and six hospitals have on-site percutaneous 
coronary intervention (PCI) facilities. One hospital has on-site genotyping facilities and performs 
routine genotyping. On August 2021, the genotype-guided strategy was implemented. From then on, 
all consecutive patients who were diagnosed with an ACS and had an indication for dual antiplatelet 
therapy (DAPT), were eligible for a genotype-guided antiplatelet therapy. The diagnosis of ACS included 
STEMI, non-ST elevation myocardial infarction (NSTEMI) and unstable angina pectoris (UAP). Patients 
were followed up by questionnaires at 1, 12, 24 and 36 month(s) after initial admission. Clinical data 
abstraction from the electronic health record (EHR) was per-formed manually. Only patients who had 
complete data regarding their P2Y12 inhibitor therapy were included for this analysis. Written informed 
consent was obtained from each patient. The institutional review boards of all approved the pro tocol 
of the FORCE-ACS registry. The current study complies with the principles of the Declaration of Helsinki 
(Table 2).
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Table 2. Baseline characteristics 

Characteristic N = 855

Age 65 (± 11)

Female 237 (27.7%)

BMI 28 (± 5)

Previous MI 150 (17.5%)

Previous PCI with stent 152 (17.8%)

Previous CABG 24 (2.8%)

Previous CVA or TIA 18 (2.1%)

Peripheral arterial disease 14 (1.6%)

Hypertension 444 (51.9%)

Diabetes mellitus 170 (19.9%)

Hypercholesterolemia 648 (75.8%)

Positive family history for CAD 368 (43%)

History of smoking 489 (57.2%)

Abbreviations: BMI: body mass index; CABG: coronary artery bypass grafting; CAD: coronary artery disease; CVA: 
cerebrovascular accident; MI: myocardial infarction; PCI: percutaneous coronary intervention; TIA: transient ischemic 
attack.

Genotyping
Initially, genotyping was performed using the POC device of Genomadix, which requires a buccal 
sample to operate. This device has Conformité Européenne (CE) marking and is therefore compliant 
with European Union legislation for safety, health, and environmental requirements. As of March 2022, 
the implementation protocol was updated to also include CYP2C19 genotyping using genomic DNA 
isolated from venous EDTA-anticoagulated blood. These samples were analysed in the laboratory of the 
clinical pharmacy. The LoF alleles CYP2C19*2 (G681A, rs4244285) and CYP2C19*3 (G636A, rs4986893) were 
determined by real-time polymerase chain reaction using the StepOnePlusTM Real-Time PCR system 
(Applied Biosystems), pre-validated Drug Metabolism TaqMan Genotyping Assays (for CYP2C19*2 Assay 
ID C__25986767_70 and for CYP2C19*3 Assay ID C__27861809_10) and TaqMan GTXpress Master Mix 
(Thermo Fisher Scienti!c, USA), according to the manufacturer’s instructions. The laboratory-based test 
results were entered into the EHR system by quali!ed laboratory personnel. The POC genotyping results 
were processed on a separate computer, printed, and scanned into the EHR by the nurses. Nurses also 
reported the CYP2C19 genotype into the EHR, which was automatically linked to the overall lab results 
of patients.
 The CYP2C19 genotyping results were classi!ed according to the guidelines from the Clinical 
Pharmacogenetics Implementation Consortium (CPIC): Normal metabolizer (NM): *1/*1; Intermediate 
metabolizer (IM): *1/*2, *1/*3, *2/*17 or *3/ *17; Poor metabolizer (PM): *2/*2, *3/*3 or *2/*3; rapid 
metabolizer (RM): *1/*17; Ultra-rapid metabolizer (UM): *17/*17. 8
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 The POC device utilised comprehensive analysis of the CYP2C19 gene, including relevant LoF-alleles 
such as *2, *3, and the hyperactivity encoding allele *17. The laboratory-based testing only assessed the 
presence of the LoF *2 and *3 alleles. Previous studies have indicated that the *17 allele is not associated 
with clinically signi!cant variations in clopidogrel metabolism, leading to its exclusion in the testing 
protocol of laboratory-based testing for clopidogrel users.15 All RM and UM identi!ed by the POC device 
were considered normal metabolizers.16 

Antiplatelet Therapy 
All patients admitted with an ACS were initially treated with ticagrelor unless they had an indication 
for oral anticoagulation (mostly atrial !brillation) or had a high bleeding risk (PRECISE-DAPT score ≥25 
or at least 1 major or 2 minor criteria according to the ARC-HBR criteria) in which case clopidogrel was 
prescribed (Figure 1).1 

Figure 1. 
Flowchart depicting the clinical decision-making process for the genotype-guided de-escalation strategy. This 
#owchart provided guidance to treating physicians, who retained full discretion in clinical management. They were 
free to deviate from the #owchart as needed.

In the genotyped patients, antiplatelet therapy was adjusted based on the CYP2C19 genotyping results. 
Attending physicians would receive an automatic noti!cation from the EHR to change the antiplatelet 
therapy from ticagrelor to clopidogrel in patients who appeared to be normal or (ultra-) rapid 
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metabolizers, starting with a 600 mg loading dose followed by 75 mg clopidogrel once daily (Figure 
2). No noti!cation was shown in intermediate and poor metabolizers, who continued to use ticagrelor 
90 mg twice daily. All clinical management was left at the discretion of the attending physician. Patients 
were at least followed until their !rst follow-up visit in order to gain information regarding the use of 
antiplatelet therapy.

Figure 2. Example of the pop-up used in the medical record to propose a therapy switch to clopidogrel when an ACS 
patient is currently treated with ticagrelor, but is an normal metabolizer for clopidogrel. 

The pop-up states the following: “Important (1) This patient is currently taking ticagrelor or prasugrel. It is safe to 
convert this to clopidogrel. This only applies to patients with ACS. Terminate the order for ticagrelor or prasugrel” 
followed by a proposal for new orders for a clopidogrel loading dose and maintenance treatment, which the 
physician can accept or decline.

Clinical Endpoints
This registry was used to provide qualitative and quantitative data such as number of patients being 
genotyped, the genotyping method used, turnover times of genotyping, number of patients undergoing 
genotype-guided de-escalation, number of cases where physicians disregarded the genotype results 
and cost reduction. We separately evaluated the following time intervals: the time from admission 
to genetic test result, the time from test result to de-escalation and the time from admission to de-
escalation.
 We assessed the association between changing antiplatelet therapy and the type of genotyping 
method (laboratory-based testing vs POC genotyping). 

Statistical Analysis Methods
Continuous variables are presented as median and 25th-75th interquartile range (IQR) or mean and 
standard deviation (SD). Discrete variables are presented as frequencies and per centages (%). The 
Mann–Whitney and Chi-square test or Fisher’s exact test were used to compare quantitative and dis-
crete variables, respectively. Di"erences in successful P2Y12-therapy de-escalation among the di"erent 
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genotyping methods were assessed using the Chi-square and Mann–Whitney U test. Signi!cance was 
set at a P-value of <.05. Statistical analyses were performed using SPSS version 26 (SPSS Inc., Chicago, IL).

RESULTS

A total of 1,530 patients were included in the ACS registry from June 2021 to January 2023. In 855 
patients, a CYP2C19 genotype test was performed (mean age 65 years, 28% female). From these, 269 
(31.5%) patients were carriers of a CYP2C19 LoF-allele, with 28.2% of patients being intermediate and 
3.3% poor metabolizers. Most patients were genotyped using the POC device (n = 752, 88.0%). The 
remaining 12.0% (n= 103) were genotyped using laboratory-based testing.

De-escalation Rates
Of the 855 patients who were genotyped, 85 patients (14.5%) were already treated at admission with 
clopidogrel (thus not with ticagrelor or prasugrel). These patients had a prior indication for clopidogrel 
such as a previous cerebrovascular accident (CVA), had a high bleeding risk or were treated with an oral 
anticoagulant (OAC). In addition, in 22 (3.8%) patients, initial suspicion of ACS was ruled out by coronary 
angiography and, as such, the need for a P2Y12 inhibitor was waived. Despite being an intermediate 
metabolizer, nine patients (3.3%) were switched to clopidogrel for a variety of reasons, as depicted in 
Figure 3 (eg, new indication for OAC during admission, increased bleeding risk after coronary artery 
bypass grafting [CABG]). In one patient (0.1%) the test result remained inconclusive, and no additional 
genotype testing was performed. In total, 478 noncarriers treated with ticagrelor (64.8%) were eligible 
for de-escalation. Successful de-escalation from ticagrelor to clopidogrel occurred in 433 of 478 (90.4%) 
patients. Of the other 45 patients, 32 (71.1%) were not switched to clopidogrel due to non-compliance 
by the treating physician and 4 (8.9%) because of an early transfer to a referral centre before switching 
could take place. In three patients (6.7%) medication was not switched at the discretion of the physician 
based on the high thrombotic risk of the patient and three patients (6.7%) died before therapy could be 
switched (Figure 3).
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Figure 3. Flowchart of patients included in the FORCE-ACS registry undergoing CYP2C19 genotyping. 

Turnover Time Genotyping
The median turnover time of genotyping was 6.3 h (IQR 3.2-16.7), with 82.3% of test results known 
within 24 h of admittance, and 91.7% within 48 h. When using POC genotyping, median turnover time 
was 5.7 h (IQR 3.0-12.6), with 90.5% of test results known within 24 h and 96.9% within 48 h. In patients 
genotyped using laboratory-based testing the median turnover time was signi!cantly longer with 47.8 
h (IQR 29.0-69.2, P < .001), with 17.0% of test results known within 24 h and 50.0% within 48 h.

Time From Test-Results to De-escalation
After the test results were available, de-escalation to clopidogrel was carried out within 24 h in 70.9% 
of patients and within 48 h in 93.0%, with a median time of 20.3 h (15.3-24.9). There was no signi!cant 
di"erence regarding time from test result to !rst dose of clopidogrel between POC genotyping and 
laboratory-based testing (20.3 vs 19.0h).

Time From Hospital Admission to De-Escalation
The median time from hospital admission to de-escalation was signi!cantly lower in patients analysed 
using POC genotyping compared to patients analysed using the laboratory-based testing (25.4 vs 58.9 
h, P < .001). In patients analysed with POC genotyping signi!cantly more patients were de-escalated 
within 24 h compared to the laboratory-based testing (41.4% vs 14.3%, P = .005), and 48 h (88.9% vs 
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32.1%, P < .001). Due to the overall longer turnover time of laboratory-based testing, de-escalation 
occurred less frequently compared to POC genotyping (93.0% vs 72.7%, P < .001).

Cost Reduction
A total of 855 patients underwent genotyping, of whom 752 were tested using POC genotyping and 103 
using laboratory-based testing. The cost per POC genotyping analysis (sum of disposable and employee 
costs) was !150, while the cost per laboratory-based test was !75 (sum of machine and employee costs), 
resulting in a total cost of !120,525.
 By implementing the genotype-guided de-escalation strategy, 433 were de-escalated from 
ticagrelor to clopidogrel. The daily costs of ticagrelor (still under patent protection) in the Netherlands 
were !2.16 per patient, resulting in an annual expenditure of !341,377.20 for the entire population. In 
contrast, the cost of the generic clopidogrel was !0.06 per day per patient, totalling !9482.70 annually 
for the overall pop-ulation.17,18 This led to a net reduction of !211,369.50 (Table 3). However, no data on 
cost reductions related to clinical endpoints were reported in this study.

DISCUSSION

In our study, we evaluated (a) the feasibility of routine early CYP2C19 genotyping in clinical practice 
utilising both POC genotyping and laboratory-based testing in an all-comers ACS population and (b) 
the turnover times of the two genotyping strategies (POC genotyping and laboratory-based testing) as 
well as the rate of de-escalation to clopidogrel in ticagrelor-treated patients.

Table 3. Cost reduction by implementing a de-escalation strategy whereby genotyped patients are switched from 
ticagrelor to clopidogrel

Strategy Number of 
patients

Costs Total cost

De-escalation strategy 855 genotyped 
patients

752
103

!150,- (POC)
!75,- (lab-based)

!120,525

Standard care ticagrelor therapy 433 patients !2.16 per day !341,377.20 per year

De-escalation Clopidogrel therapy 433 patients !0.06 per day !9,701.70 per year

Reduction in costs by using  
de-escalation

!341,377.20
- !9,701.70
- !120,525

= + !211.150.50

*POC = point-of-care

Feasibility
Our data shows that the clinical implementation and usage of CYP2C19 genotyping via POC and 
laboratory-based testing is feasible. In almost 90% of genotyped patients eligible for guided de-
escalation, physicians prescribed clopidogrel. The median turnaround time for POC genotyping was 
little over 6 h, and over 90% of test results were known within 24 h. Even for laboratory-based tests, 
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turnaround times were fair with a median of 47.8 h and over 50% of results known within 48 h. Higher 
turnover time of this laboratory-based test was associated with lower de-escalation rates. These !ndings 
support earlier studies showing that CYP2C19 genotyping is feasible in acute and non-acute settings.19,20

 We think that several prerequisites need to be present for a successful implementation of a 
genotype-guided de-escalation strategy. First, sta" and nurses have to be well-trained and informed 
about the background and clinical bene!ts of the treatment strategy. Second, automatic integration and 
interpretation of the CYP2C19 results into the EHR to guide and advise the physician to implement de-
escalating from ticagrelor to clopidogrel, needs to be present. Third, the presence of genotyping facilities 
such as the POC device (with a turnover time less than an hour) for acute settings and laboratory-based 
testing facilities for non-acute settings makes it possible to get quick results and de-escalate during 
admission. A potential disadvantage of POC genotyping is that it is occupied for 60 min when analysing 
one patient. If more patients are expected to be analysed simultaneously, it is advisable to have multiple 
POC devices.
Routine Genotyping. Current guidelines do not encourage routine genotyping for DAPT patients, but 
emerging research suggests a more tailored approach is appropriate. A meta-analysis by Galli et al 
found that guided antiplatelet treatment selection reduced MACE and haemorrhage.21 ACS patients 
undergoing PCI often receive ticagrelor or prasugrel due to their superior e#cacy. Genotype-guided 
clopidogrel may be equally e"ective and even safer.22 In a meta-analysis, Pereira et al reported that LoF 
carriers taking ticagrelor or prasugrel had lower MACE rates than those taking clopidogrel.23 However, 
in noncarriers the e#cacy of clopidogrel was comparable to that of prasugrel and ticagrelor. The test 
of interaction showed that CYP2C19 genotype status was a key modi!er to the overall bene!cial e"ect 
of ticagrelor and prasugrel com-pared to clopidogrel.24 Genotype-driven treatment strategies are 
increasingly supported by the literature, however, our study is unique as it entails a large-scale application 
of a de-escalation strategy in an all-comers population. In contrast, in US and Asian centres clopidogrel 
remains a primary therapeutic agent and implementing a genotype-guided strategy typically results in 
an escalation strategy.25,26
 The GIANT trial, conducted at 57 French hospitals, revealed important CYP2C19 genotyping 
insights in STEMI patients.27 In this study poor metabolizers were mostly treated with prasugrel and 
not ticagrelor. In contrast to their !ndings, our research demonstrated a noteworthy improvement of 
the laboratory-based turnover time within 48 h (50.0% vs 18.4%), and that this can be signi!cantly be 
further improved to 91.7% by using a POC device as well. These faster turnover times allow for rapid de-
escalation of P2Y12 inhibition prior to patient discharge, which improves successful de-escalation and 
implementation.

Cost-E!ectiveness
By applying a genotype-guided strategy in ACS patients treated with ticagrelor or prasugrel, 60-70% of 
patients can be de-escalated to clopidogrel, which results in reduced side e"ects and lower costs.28–30 
Our !ndings match the POPular Genetics trial cost-e"ectiveness analyses.29 This study showed that a 
de-escalation strategy has the potential to yield cost savings of more than $300 per patient in the !rst 
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year after ACS. In a scenario analysis where there were no di!erences in health states at the start of the 
Markov model, expenditures can be reduced by €277 per patient. This cost reduction was driven by a 
decrease in bleeding events and medication usage. Our study showed a €247 cost savings per patient, 
excluding the possible cost reduction by lesser bleeding events. Our real-world data reveals that while 
some genetic test results were not succeeded by de-escalation, the rate of successful de-escalation was 
high enough to be cost saving.
 Genotype-guided strategies are still uncommon in clinical practice. The cost of genetic testing 
appears to be a barrier to routine implementation of genotype-guided treatment. This may seem 
contradictory, as genotype-guided treatment has been proved to be cost-e!ective. Until recently, 
hospitals incurred the costs associated with genetic tests for genotype-guided de-escalation, while 
health insurers bene#ted from the resulting reduction in drug costs and associated healthcare savings. 
However, one of the Netherlands’ largest health insurers fully reimbursed our local initiative. Current 
evidence has however not let yet to reimbursement of this strategy on a national scale. A more 
widespread pre-emptive genotyping method may be reimbursed after the PREPARE (Preemptive 
Pharmacogenomic Testing for Preventing Adverse Drug Reactions) trial showed a 30% reduction in 
adverse drug reactions, in which clopidogrel was the second most common index drug.31 
POC Genotyping or Laboratory-Based Testing. The American College of Cardiology and the European 
Society of Cardiology recommend POC genotyping in some clinical set tings for ACS management.1,32 
Our data shows that ad-hoc POC genotyping has the shortest turnover times, which speeds up de-
escalation and enhances the likelihood of successful de-escalation in a real-world setting. POC devices 
are easier to implement in hospitals without a pharmacogenetics laboratory. On the other hand, 
laboratory-based genotyping is cheaper than POC genotyping and has relatively fast turnaround 
times when a dedicated lab is available. While we showed the feasibility of ad-hoc genotyping, the 
most optimal scenario could involve pre-emptive testing, wherein genetic testing occurs before the 
initiation of actual drug therapy. This approach facilitates the immediate start of treatment with the 
appropriate medication. Nevertheless, implementing this approach in patients presenting with ACS is 
yet impractical, as it would require genetic testing in a broad population that is at-risk for ACS.

Limitations
This study has several important limitations. First, we genotyped all ACS patients, however, some were 
not analysed due to lack of informed consent to participate in the FORCE-ACS registry. This could have 
resulted in selection bias, however, only a small proportion of patients refused to participate. Second, 
clinical outcome data was not available for the current analysis, limiting our ability to fully interpret 
the feasibility of this treatment strategy. Despite this limitation, we believe our study o!ers valuable 
preliminary insights into the practical implementation of genotype-guided therapy. Third, as a single-
centre Dutch registry, local practice and geographical variances in treatment may in$uence study 
outcomes and implementation. Only 855 of the 1530 patients enrolled from June 2021 to January 2023 
were genotyped. Other participating hospitals participating in the FORCE-ACS registry lacked on-site 
genotyping capabilities at the time of data collection. Therefore, extrapolating results to other clinical 
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settings should be done cautiously. At last, it is important to acknowledge that the present study did not 
record patient ethnicity, and thus, formal information on racial demographics is lacking in the FORCE-ACS 
registry. This limitation is particularly relevant considering the disparities highlighted in recent literature, 
emphasising the lack of diversity in major antiplatelet pharmacogenomic studies.33 These studies 
have demonstrated that racial and ethnic diversity remains limited within the scope of investigations 
surrounding genotype-guided antiplatelet therapy, potentially leading to gaps in understanding 
the e!ectiveness and applicability of precision medicine strategies across underrepresented patient 
populations.33 Therefore, while our study contributes valuable insights, it is essential to recognise that 
the broader impact of genotype-guided interventions across diverse ethnic groups warrants further 
investigation and consideration.

CONCLUSION

Early CYP2C19 genotyping as a routine procedure to guide P2Y12-inhibition in an all-comers ACS 
population is feasible. Time to de-escalation from ticagrelor to clopidogrel in noncarriers of CYP2C19 
LoF alleles was within 24 h in the majority of patients. The shorter time to genotype-guided de-
escalation with the use of POC genotyping as compared to laboratory-based testing, holds promise for 
implementation in sites without genotyping facilities.



CHAPTER 10

196

REFERENCES

1. Collet J-P, Thiele H, Barbato E, et al. ESC Guidelines for the man agement of acute coronary syndromes in patients 

presenting without persistent ST-segment elevation. Eur Heart J. 2020; 2020:1-79. doi:10.1093/eurheartj/ehaa575 

2. Valgimigli M, Bueno H, Byrne RA, et al. 2017 ESC focused update on dual antiplatelet therapy in coronary artery 

disease developed in collaboration with EACTS. Eur J Cardio-Thoracic Surg. 2018;53(1):34-78. doi:10.1093/ejcts/

ezx334 

3. Wallentin L, Becker RC, Budaj A, et al. Ticagrelor versus clopi-dogrel in patients with acute coronary syndromes. 

N Engl J Med. 2009;361(11):1045-1057. doi:10.1056/nejmoa0904327 

4. Wiviott SD, Braunwald E, McCabe CH, et al. Prasugrel versus clopidogrel in patients with acute coronary 

syndromes. N Engl J Med. 2007;357(20):2001-2015. doi:10.1056/NEJMoa0706482 

5. Montalescot G, Bolognese L, Dudek D, et al. Pretreatment with prasu-grel in non–ST-segment elevation 

acute coronary syndromes. N Engl J Med. 2013;369(11):999-1010. doi:10.1056/NEJMOA1308075/ SUPPL_FILE/

NEJMOA1308075_DISCLOSURES.PDF 

6. James S, Angiolillo DJ, Cornel JH, et al. Ticagrelor vs. Clopidogrel in patients with acute coronary syndromes 

and diabe tes: A substudy from the PLATelet inhibition and patient out-comes (PLATO) trial. Eur Heart J. 

2010;31(24):3006-3016. doi: 10.1093/EURHEARTJ/EHQ325 

7. James SK, Roe MT, Cannon CP, et al. Ticagrelor versus clopidog-rel in patients with acute coronary syndromes 

intended for non-invasive management: Substudy from prospective randomised PLATelet inhibition and 

patient outcomes (PLATO) trial. BMJ. 2011;342(7812):1-11. doi:10.1136/bmj.d3527 

8. Scott SA, Sangkuhl K, Stein CM, et al. Clinical pharmacogenetics implementation consortium guidelines for 

CYP2C19 genotype and clopidogrel therapy: 2013 update. Clin Pharmacol Ther. 2013;94(3):317-323. doi:10.1038/

CLPT.2013.105 

9. Medicines Agency E. Committee for medicinal products for human use (CHMP) guideline on key aspects for the 

use of phar-macogenomics in the pharmacovigilance of medicinal products Draft Agreed by Pharmacogenomics 

Working Party. 2015. Accessed August 25, 2023. www.ema.europa.eu/contact 

10. Wallentin L, James S, Storey RF, et al. E!ect of CYP2C19 and ABCB1 single nucleotide polymorphisms on 

outcomes of treat-ment with ticagrelor versus clopidogrel for acute coronary syn-dromes: A genetic substudy 

of the PLATO trial. Lancet. 2010; 376(9749):1320-1328. doi:10.1016/S0140-6736(10)61274-3 

11. Marian AJ. Cytochrome p-450 polymorphisms and response to clopidogrel. Curr Atheroscler Rep. 2009;11(3):157-

160. doi:10. 1007/s11883-009-0025-7 

12. Mega JL, Close SL, Wiviott SD, et al. Cytochrome P450 genetic polymorphisms and the response to prasugrel: 

Relationship to phar-macokinetic, pharmacodynamic, and clinical outcomes. Circulation. 2009;119(19):2553-

2560. doi:10.1161/CIRCULATIONAHA.109. 851949 

13. Claassens DMF, Vos GJA, Bergmeijer TO, et al. A genotype-guided strategy for oral P2Y12 inhibitors in primary 

PCI. N Engl J Med. 2019;381(17):1621-1631. doi:10.1056/NEJMoa 1907096 

14. Chan Pin Yin DRPP, Vos G-JA, van der Sangen NMR, et al. Rationale and design of the future optimal research 

and care eval-uation in patients with acute coronary syndrome (FORCE-ACS) registry: Towards “personalized 

medicine” in daily clinical prac-tice. J Clin Med. 2020;9(10):3173. doi:10.3390/jcm9103173 



THE CLINICAL IMPLEMENTATION OF CYP2C19 GENOTYPING IN PATIENTS WITH ACS

197

10

15. Lee CR, Thomas CD, Beitelshees AL, et al. Impact of the CYP2C19*17 allele on outcomes in patients receiving 

genotype-guided antiplatelet therapy after percutaneous coronary interven-tion. Clin Pharmacol Ther. 

2021;109(3):705-715. doi:10.1002/ CPT.2039 

16. Li-Wan-Po A, Girard T, Farndon P, Cooley C, Lithgow J. Pharmacogenetics of CYP2C19: Functional and clinical 

implications of a new variant CYP2C19*17. Br J Clin Pharmacol. 2010;69(3): 222-230. doi:10.1111/j.1365-

2125.2009.03578.x 

17. ticagrelor. Accessed May 2, 2023. https:/www.farmacotherap eutischkompas.nl/bladeren/preparaatteksten/t/

ticagrelor 

18. clopidogrel. Accessed May 2, 2023. https:/www.farmacotherap eutischkompas.nl/bladeren/preparaatteksten/c/

clopidogrel 

19. Lee CR, Sriramoju VB, Cervantes A, et al. Clinical outcomes and sustainability of using CYP2C19 genotype-guided 

antiplatelet therapy after percutaneous coronary intervention. Circ Genomic Precis Med. 2018;11(4):e002069. 

doi:10.1161/CIRCGEN.117. 002069 

20. Bergmeijer TO, Vos GJ, Claassens DM, et al. Feasibility and implementation of CYP2C19 genotyping in patients 

using anti-platelet therapy. Pharmacogenomics. 2018;19(7):621-628. doi: 10.2217/PGS-2018-0013 

21. Galli M, Benenati S, Capodanno D, et al. Articles 1470. 2021;397. Accessed February 7, 2023. www.thelancet.com 

22. Claassens DMF, Vos GJA, Bergmeijer TO, et al. A genotype-guided strategy for oral P2Y 12 inhibitors in primary 

PCI. N Engl J Med. 2019;381(17):1621-1631. doi:10.1056/NEJMOA 1907096 

23. Pereira NL, Rihal C, Lennon R, et al. E!ect of CYP2C19 geno type on ischemic outcomes during oral P2Y12 inhibitor 

therapy A meta-analysis. JACC Cardiovasc Interv. 2021;14(7):739-750. doi:10.1016/j.jcin.2021.01.024 

24. Pereira NL, Rihal C, Lennon R, et al. E!ect of CYP2C19 geno type on ischemic outcomes during oral P2Y12 inhibitor 

therapy: A meta-analysis. JACC Cardiovasc Interv. 2021;14(7):739-750. doi:10.1016/j.jcin.2021.01.024 

25. Xi Z, Wang Y, Lu Q, et al. Implementation of CYP2C19 genotyp-ing and clinical outcomes following percutaneous 

coronary inter-vention in east Asian patients treated with oral P2Y12 inhibitors. Thromb Res. 2023;228:85-93. 

doi:10.1016/J.THROMRES.2023. 05.023 

26. Beitelshees AL, Thomas CD, Empey PE, et al. CYP2C19 genotype-guided antiplatelet therapy after percutaneous 

coronary intervention in diverse clinical settings. J Am Heart Assoc. 2022;11(4). doi:10.1161/JAHA.121.024159 

27. Hulot JS, Chevalier B, Belle L, et al. Routine CYP2C19 genotyp-ing to adjust thienopyridine treatment after 

primary PCI for STEMI: Results of the GIANT study. JACC Cardiovasc Interv. 2020;13(5):621-630. doi:10.1016/J.

JCIN.2020.01.219 

28. Lala A, Berger JS, Sharma G, Hochman JS, Scott Braithwaite R, Ladapo JA. Genetic testing in patients with acute 

coronary syn-drome undergoing percutaneous coronary intervention: A cost-e!ectiveness analysis. J Thromb 

Haemost. 2013;11(1):81-91. doi:10.1111/jth.12059 

29. Claassens DMF, van Dorst PWM, Vos GJA, et al. Cost e!ective-ness of a CYP2C19 genotype-guided strategy 

in patients with acute myocardial infarction: Results from the POPular genetics trial. Am J Cardiovasc Drugs. 

2021;22(2):195-206. doi:10.1007/ s40256-021-00496-4 

30. Limdi NA, Cavallari LH, Lee CR, et al. Cost-e!ectiveness of CYP2C19-guided antiplatelet therapy in patients 

with acute coro-nary syndrome and percutaneous coronary intervention informed by real-world data. 

Pharmacogenomics J. 2020;20(5):724-735. doi:10.1038/s41397-020-0162-5 



CHAPTER 10

198

31. Swen JJ, van der Wouden CH, Manson LE, et al. A 12-gene phar-macogenetic panel to prevent adverse drug 

reactions: An open-label, multicentre, controlled, cluster-randomised crossover imple-mentation study. Lancet. 

2023;401(10374):347-356. doi:10.1016/ S0140-6736(22)01841-4 

32. Gulati M, Levy PD, Mukherjee D, et al. 2021 AHA/ACC/ASE/ CHEST/SAEM/SCCT/ SCMR guideline for the evaluation 

and diagnosis of chest pain: A report of the American college of car-diology/American heart association joint 

committee on clinical practice guidelines. Circulation. 2021; 144(22):E368-E454. doi: 10.116 1/CIR.000000000000 

1029 

33. Nguyen AB, Cavallari LH, Rossi JS, Stou!er GA, Lee CR. Evaluation of race and ethnicity disparities in outcome 

studies of CYP2C19 genotype-guided antiplatelet therapy. Front Cardiovasc Med. 2022;9:991646. doi:10.3389/

FCVM.2022. 991646/BIBTEX 



THE CLINICAL IMPLEMENTATION OF CYP2C19 GENOTYPING IN PATIENTS WITH ACS

199

10





CHAPTER 11
Real-world implementation of a genotype-guided 

P2Y12 inhibitor de-escalation strategy in acute coronary 
syndrome patients

J. Azzahha!, W.W.A. van den Broek, D.R.P.P. Chan Pin Yin, N.M.R. van der Sangen, S. Sivanesan, S. Bofarid, 
J. Peper, D.M.F. Claassens, P.W.A. Janssen, A.M. Harmsze, R.J. Walhout, M. Tjon Joe Gin, D.M. Nicastia, J. 
Langerveld, G.J. Vlachojannis, R.J. van Bommel, Y. Appelman, R.H.N. van Schaik, J.P.S. Henriques, W.J. 

Kikkert, J.M. ten Berg
JACC Cardiovascular Interventions, 2024;17:1996-2007



CHAPTER 11

202

ABSTRACT 

Background
CYP2C19 genotype–guided de-escalation from ticagrelor or prasugrel to clopidogrel may optimize the 
balance between ischemic and bleeding risk in patients with acute coronary syndrome (ACS).

Objectives
This study sought to compare bleeding and ischemic event rates in genotyped patients vs standard 
care.

Methods
Since 2015, ACS patients in the multicenter FORCE-ACS (Future Optimal Research and Care Evaluation 
in Patients with Acute Coronary Syndrome) registry received standard dual antiplatelet therapy (DAPT). 
Since 2021, genotype-guided P2Y12 inhibitor de-escalation was recommended at a single center, 
switching noncarriers of the loss-of-function allele CYP2C19*3 or CYP2C19*2 from ticagrelor or prasugrel 
to clopidogrel, whereas loss-of-function carriers remained on ticagrelor or prasugrel. The primary 
ischemic endpoint, a composite of cardiovascular mortality, myocardial infarction, or stroke, and the 
primary bleeding endpoint, Bleeding Academic Research Consortium 2, 3, or 5 bleeding, were compared 
between a genotyped cohort and a cohort treated with standard DAPT after 1 year.

Results
Among 5,321 enrolled ACS patients, 406 underwent genotyping compared with 4,915 nongenotyped 
ACS patients on standard DAPT. In the genotyped cohort, 65.3% (n = 265) were noncarriers, 88.7% (n = 
235) of whom were switched to clopidogrel. The primary ischemic endpoint occurred in 5.2% (n = 21) 
of patients in the genotyped cohort compared to 7.0% (n = 344) in the standard care cohort (adjusted 
HR: 0.86; 95% CI: 0.55-1.35). The primary bleeding rate was signi!cantly lower in the genotyped cohort 
compared to the standard care cohort (11.1% vs 15.3%; adjusted HR: 0.72; 95% CI: 0.53-0.98).

Conclusions
The implementation of a CYP2C19 genotype–guided P2Y12 inhibitor de-escalation strategy in a real-
world ACS population resulted in lower bleeding rates without an increase in ischemic events compared 
to a standard DAPT regimen. 
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INTRODUCTION

Dual antiplatelet therapy (DAPT), including aspirin and a P2Y12 inhibitor, is the default strategy to prevent 
ischemic events after percutaneous coronary intervention (PCI) and acute coronary syndrome (ACS).1,2 
Over time, improvements in stent technologies and management strategies (eg, more potent P2Y12 
inhibitors) have led to a decrease in ischemic events.3-6 Although DAPT with more potent P2Y12 inhibitors 
has reduced the risk for ischemic events, the associated increased bleeding risk remains challenging.3,4,7,8 
The adverse implications of bleeding, including an increased mortality risk, have paved the way for 
strategies that address this safety concern without compromising e!cacy.8-11 These strategies include 
shortening DAPT duration or de-escalation of DAPT intensity (ie, switching from more potent P2Y12 
inhibitors such as ticagrelor and prasugrel to a less potent inhibitor such as clopidogrel).9,12-15 Although 
traditional risk strati"cation has encompassed clinical, demographic, angiographic, and laboratory factors, 
the advent of rapid genotyping assays enables a more personalized selection of P2Y12 inhibitor therapy. 
This method is based on genotyping CYP2C19, the enzyme pivotal in clopidogrel activation.16-19 The 
POPular Genetics (Cost-e#ectiveness of Genotype Guided Treatment With Antiplatelet Drugs in STEMI 
Patients: Optimization of Treatment) trial showed that in patients with ST-segment elevation myocardial 
infarction (STEMI), a genotype-guided de-escalation strategy led to fewer bleeding events without 
increasing thrombotic events compared to the standard of care including ticagrelor.20 These results are 
backed by a meta-analysis of 15,949 coronary artery disease patients indicating that individuals carrying 
a CYP2C219 loss-of-function allele had less thrombotic events when treated with ticagrelor or prasugrel 
compared to those treated with clopidogrel; yet, when compared solely in wild-type patients (normal 
metabolizers), clopidogrel demonstrated comparable e!cacy in preventing thrombotic events.21 
 Despite the evidence of previous studies, on which the rationale for our implementation was based, 
results are limited by the controlled settings in which these studies were performed and may not re$ect 
real-world outcomes. Thus, the question remains whether a genotype-guided de-escalation of P2Y12 
inhibitors is safe and e#ective in a real-world all-comers ACS population. Our study aimed to compare 
the bleeding and ischemic event rates of ACS patients undergoing routine CYP2C19 genotype–guided 
de-escalation from ticagrelor to clopidogrel vs patient undergoing standard care.

MATERIALS AND METHODS

Study Design
The FORCE-ACS registry (NCT03823547), as previously described, is a prospective, ongoing initiative 
involving 9 Dutch hospitals.22 Participating medical centers possess the capacity to conduct coronary 
angiography, with 6 of them equipped for on-site PCI. Commencing in 2015, the registry has enrolled 
consecutive adult patients (18 years and older) presenting with (suspected) ACS. Follow-up has been 
instituted through questionnaires administered at the following prede"ned intervals: 1, 12, 24, and 36 
months after admission. The primary objective of the FORCE-ACS registry is to facilitate a comprehensive 
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understanding of diverse facets concerning the diagnosis, management, and longitudinal clinical and 
patient-reported outcomes of patients with ACS.

From 2021 onward, 1 of the hospitals implemented a CYP2C19 genotype–guided P2Y12 inhibitor de-
escalation strategy from ticagrelor or prasugrel to clopidogrel. Information regarding the genotyping 
process has been described previously.23 In brief, patients with ACS and an indication for DAPT were 
genotyped on the day of admittance if performed by the buccal swab or within 2 working days if 
performed by a laboratory blood test. Loss-of-function carriers (intermediate or poor metabolizers, 
carrying at least 1 loss-of-function CYP2C19*2 or CYP2C19*3 allele) remained on ticagrelor. In noncarriers 
([ultra]rapid or normal metabolizers), a switch to clopidogrel was recommended. In alignment with 
the 2017 European Society of Cardiology guidelines on DAPT, patients transitioning from ticagrelor 
to clopidogrel received a 600-mg loading dose of clopidogrel 24 hours after the last ticagrelor intake 
followed by a maintenance dose of 75 mg daily. For those switching from prasugrel to clopidogrel, a 75-
mg daily maintenance dose of clopidogrel was initiated 24 hours after the last dose of prasugrel without 
an additional loading dose.1 Writ-ten informed consent was obtained from each patient.

The research protocol of the FORCE-ACS registry was approved by the Institutional Review Boards of all 
participating medical centers. This study adheres to the principles of the Declaration of Helsinki. Results 
were reported according to the Strengthening the Reporting of Observational Studies in Epidemiology 
guidelines.24 

Study Population
The total population was divided into 2 cohorts: a standard care cohort in which patients were treated 
with a P2Y12 inhibitor (ticagrelor, prasugrel, or clopidogrel) at the discretion of the treating physician 
and a genotyped cohort in which all patients received a CYP2C19 genotype test with a treatment 
recommendation based on the CYP2C19 test result.

Sensitivity analyses were conducted in a more selected subgroup of patients to provide a more targeted 
assessment of the treatment e!ect of the genotype-guided strategy. In the "rst sensitivity analysis, 
patients who were not treated according to their CYP2C19 genotype were excluded from the genotyped 
cohort, meaning that noncarriers treated with ticagrelor or prasugrel and loss-of-function car riers 
treated with clopidogrel were excluded. This genotype-guided group was compared to the standard 
care cohort. In a second sensitivity analysis, all patients treated with clopidogrel and prasugrel were 
excluded from the standard care group. This ticagrelor-only standard care group was compared to the 
genotype-guided group.

The implementation was part of a pilot program in which health insurers reimbursed a part of the costs 
for genetic testing. This analysis was part of an initial review to assess the e!ectiveness and safety of the 
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implementation, evaluating whether further expansion of the implementation of genetic testing was 
appropriate and advisable. Therefore, this analysis was not based on a predetermined sample size.

Clinical Endpoints
The primary ischemic endpoint was a composite of cardiovascular mortality, myocardial infarction (MI), 
and stroke. The primary bleeding endpoint was a composite of Bleeding Academic Research Consortium 
(BARC) 2, 3, or 5 bleeding. The secondary endpoints consisted of all individual endpoints of the primary 
endpoints and of net adverse clinical events (NACEs) de!ned as a composite of all-cause mortality, MI, 
stent thrombosis, stroke, and BARC 3 or 5 bleeding. All patients were monitored for a 1-year follow-up 
period.

DAPT adherence was analyzed during the follow-up period. This involved categorizing changes in 
medication adherence into alterations (any change in P2Y12 inhibitor) and disruptions (discontinuation 
of a P2Y12 inhibitor therapy longer than 14 days). Data collection focused on the genotyped cohort and 
a subset of the standard care group for whom complete DAPT adherence data were available.

Statistical Methods
Continuous variables were reported as median values with IQRs or mean ± SD, whereas categoric 
variables were described in frequencies and percentages. Comparisons between cohorts (standard 
care vs genotyped) were made using Mann-Whitney or t-tests for continuous variables and chi-square 
or Fisher exact tests for categoric variables. The primary analyses were performed using the Cox 
proportional hazards model to calculate the HR and its 95% CI. Possible confounders were included 
in the multivariable model and were selected based on clinical relevance. Violation of the proportional 
hazards assumption was evaluated by calculating Schoenfeld residuals. Both primary out-comes were 
also assessed in 6 subgroups based on sex, age, kidney function, discharge diagnosis, bleeding risk, 
and diabetes. Kaplan-Meier curves were used for a time-to-event analysis. For sensitivity analysis, 
we conducted propensity score matching using covariates selected for their clinical relevance and 
di"erences at baseline. Matching followed a 1-to-3 protocol without replacement (nearest neighbor 
method) with a caliper of 0.2 SDs of the logit of the propensity score.

We refrained from testing for statistical signi!cance to mitigate the risk of alpha spending, particularly 
considering our intention to perform additional analyses based on a predetermined sample in 
subsequent phases of the study. Consequently, we focused solely on assessing outcome rates and 
constructing CIs, aimed at determining any potential patterns in outcomes.

All statistical analyses were conducted using SPSS version 26 (IBM Corp) and R studio version 3.6.1 (The 
R Foundation).
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RESULTS

Patient Characteristics
Among the 6,847 patients enrolled in the registry study between February 2015 and December 2020, 
4,915 patients had ACS, were treated with DAPT, did not undergo CYP2C19 genotyping, and had a 
complete follow-up. These patients were selected for the standard care cohort. Of the 579 patients 
enrolled in the study between June 2021 and September 2022, 406 were genotyped, had ACS, were 
treated with DAPT, and had a complete follow-up. These patients were selected for the genotyped 
cohort (Figure 1).
 The baseline characteristics of the study population are presented in Table 1. The median age in the 
genotyped cohort was 64 years (Q1-Q3: 55-73 years), whereas in the standard care cohort, it was 66 years 
(Q1-Q3: 56-74 years). Overall, 27.8% of the patients were women. Patients in the genotyped cohort more 
often had previous spontaneous bleeding at baseline (10.8% [n = 44/406] vs 4.3% [n = 208/4,915]) and an 
initial presentation with STEMI (57.6% [n = 234/406] vs 42.4% [n = 2,086/4,915]) compared to patients in 
the standard care cohort. On the other hand, patients receiving standard care more often had a previous 
MI (19.9% [n = 57/406] vs 14.0% [n = 975/4,915]), previous PCI (20.5% [n = 1,006/4,915] vs 14.0% [n = 57/ 
406]), atrial !brillation (3.2% [n = 158/4,915] vs 0.5% [n = 2/406]), peripheral artery disease (6.8% [n = 336/ 
4,915] vs 3.2% [n = 13/406]), and a presentation with either unstable angina pectoris (7.5% [n = 368/4,915] 
vs 3.0% [n = 12/406]) or non–ST-segment elevation myocardial infarction (47.0% [n = 2,309/4,915] vs 36.2% 
[n = 147/406]). All other baseline characteristics were similar across the 2 cohorts.

Figure 1. Flowchart of the study. 

The standard care cohort consisted of patients enrolled between 2015 and 2020. The genotyped cohort consisted of 
patients enrolled between 2021 and 2022. For both cohorts, only patients diagnosed with ACS, treated with DAPT and not 
lost to follow-up were selected for the main analysis. ACS = acute coronary syndrome; DAPT = dual antiplatelet therapy
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Treatment And Management
The median duration of hospital admission was 3 days (Q1-Q3: 2-5 days) for the standard care cohort 
vs 3 days (Q1-Q3: 2-4 days) for the genotyped cohort. During the index hospital admission, coronary 
angiography was performed in 96.6% (n = 392/406) of all genotyped patients and in 96.1% (n = 
4,725/4,915) of all standard care patients. Radial access was used in 82.3% (n = 320/389) of the genotyped 
and 83.8% (n = 2,849/ 3,401) of the standard care patients. In addition, the genotyped cohort more often 
underwent PCI (82.0% [n = 333/406]) compared to the standard care cohort (75.5% [n = 3,710/4,915]).

Antithrombotic Therapy
At discharge, clopidogrel was prescribed to 59.4% (n = 241/406) of genotyped patients compared to 
only 24.6% (n = 1,207/4,915) in the standard care cohort, whereas ticagrelor was prescribed in 40.4% (n 
= 164/406) of the genotyped cohort and 74.8% (n = 3,67 4/4,915) of the standard care cohort.
 In the genotyped cohort, 265 (6 5.3%) patients were identi!ed as noncarriers (ultrarapid, rapid, or 
normal metabolizer), with 88.7% (n = 235) of these patients being successfully treated with clopidogrel 
(Supplemental Figure 1). The remaining 141 (34.7%) patients of the genotyped patients were classi!ed 
as loss-of-function allele carriers (intermediate or poor metabolizers), and 95.0% (n = 134/141) of them 
were discharged with ticagrelor and 0.7% with prasugrel (n =1/141) (Supplemental Table 1).
 In contrast, in the standard care cohort, a majority of patients (74.8% [n = 3,674/ 4,915]) were treated 
with ticagrelor, 24.6% (n = 1,207/4,915) were treated with clopidogrel, and only 0.7% with prasugrel 
(n = 34/4,9 15). Furthermore, optimal medical therapy consisting of DAPT, an angiotensin-converting 
enzyme inhibitor or an angiotensin II antagonist, beta blocker, and a lipid-lowering drug was prescribed 
to 54.2% (n = 220/406) of genotyped and 58.3% (n = 2,864/4,915) of standard care patients. Notably, 
the use of triple therapy was less common in the genotyped cohort (0.5% [n = 2/406]) compared to the 
standard care cohort (5.4% [n = 267/4,915]; Table 2).
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Table 1. Baseline table for the genotyped cohort compared to the standard care cohort.

Patients characteristics

Genotyped 
cohort
n=406

Standard  
care cohort

N = 4,915
P-value

Age in years, median (IQR) 64.00  
[55.25, 73.00]

66.00  
[56.00, 74.00]

0.077

Female sex, n (%) 115 (28.3) 1369 (27.9) 0.884

BMI, mean (SD)* 27.83 (5.00) 27.50 (4.41) 0.153

Current smoking, n (%) 144 (30.3) 1488 (35.5) 0.034

Hypertension, n (%) 202 (49.8) 2649 (53.9) 0.047

Hypercholesterolemia, n (%) 341 (84.0) 2698 (57.5) <0.001

Diabetes mellitus, n (%) 80 (19.7) 959 (19.5) 1.000

Medical history, n (%)

Previous MI 57 (14.0) 975 (19.9) 0.005

Previous PCI 57 (14.0) 1006 (20.5) 0.002

Previous CABG 21 ( 5.2) 347 ( 7.1) 0.181

Previous stroke 21 ( 5.2) 377 ( 7.7) 0.082

Atrial !brillation 2 ( 0.5) 158 ( 3.2) 0.003

Heart failure 4 ( 1.0) 73 ( 1.5) 0.552

Renal failurea 13 ( 3.2) 131 ( 2.7) 0.630

Peripheral artery disease 13 ( 3.2) 336 ( 6.8) 0.006

Active malignancy 12 ( 3.0) 111 ( 2.3) 0.467

Relevant spontaneous bleedingb 44 (10.8) 208 ( 4.3) <0.001

Index event diagnosis, 
n (%) 

UA 12 ( 3.0) 368 (7.5) <0.001

NSTEMI 147 (36.2) 2309 (47.0) <0.001

STEMI 234 (57.6) 2086 (42.4) <0.001

Semi-recent MIc 13 ( 3.2) 152 (3.1) 0.88

OHCA, n (%) 13 ( 3.2) 174 ( 3.5) 0.847

GRACE risk score >140, n (%) 54 (13.3) 635 (12.9) 0.886

High-bleeding risk (PRECISE-DAPT ≥25)* 75 (20.8) 1030 (22.4) 0.525

Values are median (Q1-Q3), n (%), or mean ± SD. aBMI was missing in 5.2% of patients (n = 275), and the PRECISE-
DAPT score was missing in 6.9% of all patients. bRenal failure was estimated glomerular !ltration rate (eGFR) <60 mL/
min/1.73 m2 for a duration of 3 months or longer. cRelevant spontaneous bleeding was non–intervention-related or 
nontraumatic bleeding events signi!cant enough to require medical assessment (≥ Bleeding Academic Research 
Consortium 2). dSemirecent MI was MI occurring more than 12 hours before presentation but still in#uencing 
the current clinical management of the patient. BMI = body mass index; CABG = coronary artery bypass grafting; 
GRACE = Global Registry of Acute Coronary Events; MI = myocardial infarction; NSTEMI = non–ST-segment elevation 
myocardial infarction; OHCA = out-of-hospital cardiac arrest; PCI = percutaneous coronary intervention; PRECISE-
DAPT = Predicting Bleeding Complications in Patients Undergoing Stent Implantation and Subsequent Dual 
Antiplatelet Therapy; STEMI = ST-segment elevation myocardial infarction; UA = unstable angina.
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Table 2. Procedural and treatment characteristics

Genotyped  
cohort

(N=406)

Standard  
care cohort
(N = 4,915)

P-value

Procedural characteristics

CAG, n (%) 392 (96.6%) 4725 (96.1%) 0.77

Radial access site, n (%)* 320 (82.3%) 2849 (83.8%) 0.49

Femoral access site, n (%)* 69 (17.7%) 505 (14.8%) 0.15

1-vessel disease, n (%) 181 (44.6%) 1448 (29.5%) <0.001

2- vessel disease, n (%) 115 (28.3%) 867 (17.6%) <0.001

3- vessel disease, n (%) 79 (19.5%) 751 (15.3%) 0.03

PCI, n (%)

DES, n (%)

Other/Unknown, n (%)

333 (82.0%)

311 (93.4%)

22 (6.6%)

3710 (75.5%)

3395 (91.5%)

315 (8.5%)

<0.001

0.23

CABG, n (%) 29 (7.1%) 442 (9.0%) 0.29

Antithrombotic or anticoagulant therapy

Acetylsalicylic acid, n (%) 406 (100%) 4915 (100%) -

P2Y12 inhibitor, n (%)

Clopidogrel, n (%) 241 (59.4%) 1207 (24.6%) <0.001

Ticagrelor, n (%) 164 (40.4%) 3674 (74.8%) <0.001

Prasugrel, n (%) 1 (0.2%) 34 (0.7%) 0.46

Oral anticoagulation, n (%)

Vitamin K antagonist, n (%) 1 (0.2%) 124 (2.5%) 0.006

DOAC, n (%) 1 (0.2%) 144 (2.9%) 0.002

DAPT, n (%) 406 (100%) 4915 (100%) -

Dual therapy, n (%)a 2 (0.5%) 267 (5.4%) <0.001

Triple therapy, n (%)b 2 (0.5%) 267 (5.4%) <0.001

Other relevant drugs

ACE-inhibitors or AT-II antagonists, n(%) 296 (72.9%) 3760 (76.5%) 0.12

Betablockers, n(%) 298 (73.4%) 3696 (75.2%) 0.46

Lipid lowering drugs, n(%) 385 (94.8%) 4652 (94.6%) 0.97

Diuretics, n(%) 73 (18.0%) 1076 (21.9%) 0.08

PPI, n(%) 390 (96.1%) 4167 (84.8%) <0.001

Optimal medical therapy, n (%) 220 (54.2 %) 2864 (58.3%) 0.12

Values are n (%). aData on access site was missing in 28.8% of patients (n ! 1,531), 4.1% (n ! 17) in the genotyped 
cohort, and 30.8% (n ! 1,514) in the standard of care cohort. bDual therapy was the combination of a single antiplatelet 
agent (a P2Y12 inhibitor) and an anticoagulant. cTriple therapy was the concurrent use of aspirin (acetylsalicylic acid), 
a P2Y12 inhibitor, and an anticoagulant.

ACE = angiotensin-converting enzyme; AT-II = angiotensin II; CABG = coronary artery bypass grafting; CAG = coronary 
angiography; DAPT = dual antiplatelet therapy; DOAC = direct oral anticoagulant; PCI = percutaneous coronary 
intervention; PPI = proton pump inhibitor.



CHAPTER 11

210

In the genotyped cohort, a switch from one P2Y12 inhibitor to another occurred in 7.1% of patients (n 
= 29/406), whereas this was 16.5% in the standard care cohort (n = 810/4,915; Table 3). Disruption of 
P2Y12 inhibitor treatment because of side e!ects or nonadherence occurred in 2.0% (n = 8/406) of the 
patients in the genotyped cohort and 1.6% (n = 79/4,915) in the standard care cohort. Dyspnea was a 
common reason for P2Y12 alteration or disruption and occurred in 3.4% (n =14/406) of the genotype 
patients and 6.6% (n = 323/4,915) in the standard care cohort.

Table 3. Distribution of P2Y12 switches during follow-up

Genotyped cohort
(N=406)

Standard care cohort
(N=4,915)

Alteration, n (%) 29 (7.1%) 810 (16.5%)

Disruption, n (%) 8 (2.0%) 79 (1.6%)

Dyspnea, n (%) 14 (3.4%) 323 (6.6%)

Values are n (%).

Outcomes
Primary out comes. At the 1-year follow-up, the primary ischemic endpoint occurred In 365 (6.9%) 
patients in the total population (Table 4). The primary bleeding endpoint, consisting of BARC 2, 3, or 5 
bleeding at 1 year, occurred in 795 patients (14.9%). NACEs occurred in 10.3% of patients (n = 546/5,321). 
The primary ischemic endpoint rate was comparable between the genotyped cohort and standard care 
cohort, even after adjusting for the potential confounders of age, discharge diagnosis, and PCI during 
index admission (5.2% [n = 21/406] vs 7.0% [n = 344/4,915]; adjusted HR: 0.86; 95% CI: 0.55 1.35). The rate 
of the primary bleeding endpoint was signi"cantly lower in the genotyped cohort (11.1% [n = 45/406] 
vs 15.3% [n = 750/4, 915]; adjusted HR: 0.72; 95% CI: 0.53-0.98) compared to the standard care cohort. 
Kaplan-Meier curve analysis showed congruent results with comparable survival curves for the primary 
ischemic outcome, whereas the lines for the primary bleeding outcome consistently diverged over time 
(Figures 2A and 2B).

Secondary Outcomes
At the 1-year follow-up, there were no clear di!erences with regard to the rate of all-cause mortality, 
cardiovascular mortality, MI, stroke, or s tent thrombosis (Table 4). However, the rates for BARC 3 
bleeding (0.7% [n = 3/406] vs 3.0% [n = 149/4,915]; adjusted HR: 0.26; 95% CI: 0.08-0.84) and BARC 2 
bleeding (10.6% [n = 43/406] vs 12.8% [n = 630/4,915]; adjusted HR: 0.79; 95% CI: 0.58-1.0 9) were lower 
in the genotyped cohort compared to the standard care cohort (Table 4). The rate of NACEs was 6.9% 
(n = 28/406) in the genotyped cohort and 10.5% (n = 518/4,915) in the standard care cohort (adjusted 
HR: 0.70; 95% CI: 0.47-1.03). BARC 3 or 5 bleeding occurred in 0.7% (n = 3/406) of the genotyped patients 
and in 3.1% (n = 154/4,915) of patients treated with standard DAPT (adjusted HR: 0.26; 95% CI: 0.08-0.83) 
as outlined in Table 4 and Supplemental Figure 2 (Central Illustration).
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Table 4. Event Rates of the Primary Endpoints and Individual Components of the Primary Outcomes

Total  
(N=5,321)

Genotyped 
cohort 

(N=406)

Standard care 
cohort 

(N=4,915)

Adjusted Hazards 
Ratios* HR

(95% CI)
Primary ischemic endpoint 365 (6.9%) 21 (5.2%) 344 (7.0%) 0.86 (0.55-1.35)

NACE 546 (10.3%) 28 (6.9%) 518 (10.5%) 0.70 (0.47-1.03)

Primary bleeding outcome 795 (14.9%) 45 (11.1%) 750 (15.3%) 0.72 (0.53-0.98)

All-cause mortality 138 (2.6%) 9 (2.2%) 129 (2.6%) 0.91 (0.46-1.81)

Cardiovascular mortality 82 (1.5%) 5 (1.2%) 77  (1.6%) 0.88 (0.35-2.18)

Myocardial infarction 227 (4.3%) 12 (3.0%) 215 (4.4%) 0.81 (0.44-1.46)

Stroke 83 (1.6%) 6 (1.5%) 77 (1.6%) 1.11 (0.47-2.59)

Stent thrombosis 52 (1.0%) 1 (0.2%) 51 (1.0%) 0.18 (0.03-1.32)

BARC 3 or 5 bleeding 157 (3.0%) 3 (0.7%) 154 (3.1%) 0.26 (0.08-0.83)

BARC 5 bleeding 5 (0.1%) 0 (0.0%) 5 (0.1%) -

BARC 3 bleeding 152 (2.9%) 3 (0.7%) 149 (3.0%) 0.26 (0.08-0.84)

BARC 2 bleeding 673 (12.6%) 43 (10.6%) 630 (12.8%) 0.79 (0.58-1.09)

Values are n (%) unless otherwise indicated. aHRs are adjusted for age, discharge diagnosis, and percutaneous 
coronary intervention during index admission. BARC = Bleeding Academic Research Consortium; NACE = net adverse 
clinical event(s).

Sensitivity Analysis
After propensity score matching, all 406 patients in the genotyped cohort were matched to 1,203 
patients in the standard care cohort, which resulted in a more balanced population based on baseline 
characteristics (Supplemental Tables 2 and 3). Analysis of the primary outcome rates showed robust 
results with the primary analysis in the unmatched cohorts, showing similar rates for the primary 
ischemic endpoint (5.2% [n = 21/406] vs 5.8% [n = 70/1,203]; HR: 0.85; 95% CI: 0. 52-1.39; Supplemental 
Table 4) and lower rates for the primary bleeding outcome (11.1% [n = 45/406] vs 19.6% [n = 236/1,203]; 
HR: 0.53; 95% CI: 0.39-0.74).
 In the sensitivity analysis focusing on 370 patients adequately treated according to their CYP2C19 
geno type and compared with 4,915 patients in the standard care cohort, we observed consistent results 
with the primary analysis for the primary ischemic outcome (4.9% [n = 18/370] vs 7.0% [n = 344/4,915]; 
adjusted HR: 0.82; 95% CI: 0.51-1.33). A similar reduction was noted for the primary bleeding outcome 
with rates of 11.9% (n = 44/406) in the genotype-guided group compared to 15.3% (n = 750/ 4,915) in 
the standard care cohort (adjusted HR: 0.78; 95% CI: 0.57-1.06; Supplemental Table 5). Addition-ally, 
a sensitivity analysis was performed comparing 370 genotype-guided patients with 3,674 ticagrelor-
only treated patients in the standard care cohort. Baseline characteristics were now more comparable 
between both groups (Supplemental Tables 6 and 7). 
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A. 

B. 

Figure 2. Kaplan Meier curves for the primary ischemic and bleeding endpoint. 

Kaplan-Meier curves for the cumulative incidence of (A) the primary ischemic endpoint (composite of cardiovascular 
mortality, myocardial infarction, or stroke) showing a comparable event rate between the genotyped cohort (blue) 
and the standard care cohort (red), and (B) the primary bleeding endpoint (BARC 2, 3, or 5 bleeding) demonstrating 
lower bleeding rates in the genotyped cohort (blue) with diverging curves over time compared to the standard care 
cohort (red). BARC = Bleeding Academic Research Consortium
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Clinical outcomes still indicated a similar rate of the primary ischemic endpoint in the genotype-guided 
group compared to the ticagrelor-only treated group (4.9% [n = 18/370] vs 5.9% [n = 217/3,674]; 
adjusted HR: 0.86; 95% CI: 0.53-1.42; Supplemental Table 8), whereas the primary bleeding outcome 
rate was again lower (11.9% [n = 44/370] vs 14.4% [n = 530/3,674]; adjusted HR: 0.81; 95% CI: 0.59-1.11) 
with a similar observation for NACEs (6.5% [n = 24/370] vs 9.1% [n = 333/3,674]; adjusted HR: 0.70; 95% 
CI: 0.46-1.07).
 Analyses of the primary outcomes were performed in 6 subgroups (Supplemental Figures 3 and 
4). The results were generally consistent with those in the whole cohort.

DISCUSSION

In this large prospective observational registry, we assessed the impact of a CYP2C19 genotype–guided 
de-escalation strategy on the rate of bleeding and ischemic events in patients with ACS treated with 
DAPT. The main !ndings suggest that genotype-guided de-escalation is associated with a lower bleeding 
rate, whereas it did not seem to result in an opposing increased rate of ischemic events. These !ndings 
support the potential safety and e"cacy of a genotype-guided approach to DAPT de-escalation in an 
all-comers ACS population.
 Our study shows a near 30% lower rate of BARC 2, 3, or 5 bleeding in the genotyped cohort 
compared to the standard care cohort, with consistent results after propensity score matching and 
several other sensi tivity analyses. Additionally, we did not observe an increase in ischemic event rates 
despite the more frequent use of the less potent clopidogrel, which aligns with a meta-analysis showing 
comparable e"cacy with clopidogrel compared to ticagrelor/prasugrel in patients without a CYP2C19 
loss-of-function allele.21 Our !ndings are consistent with the results of the POPular Genetics trial and 
provide additional real-world evidence for the bene!cial impact on bleeding risk because of a CYP2C19 
genotype–guided antiplatelet therapy.20 The POPular Genetics trial enrolled 2,488 STEMI patients and 
found a 22% decrease in major or minor bleeding events in the genotype-guided group (9.8% vs 
12.5%; HR: 0.78; 95% CI: 0.61-0.98) and a lower numerical rate for the combined ischemic outcome of 
cardiovascular death, MI, de!nite stent thrombosis, or stroke (2.7% vs 3.3%; HR: 0.83; 95% CI: 0.53-1.31). 
Compared to the patients enrolled in the POPular Genetics trial, the patients in the current analysis 
were older, more often presented with non–ST-segment elevation myocardial infarction, and had more 
comorbidities and more complex medical backgrounds, which can explain the higher ischemic event 
rates in the current analysis. Of in terest is that, similar to the POPular Genetics trial, the reduction in 
bleeding was mainly driven by minor bleeding (de!ned as BARC 2). Previous studies have underlined 
the clinical relevance for these bleeding events, showing that even minor bleeding events are linked 
to an increased risk of mortality.8,25,26 In addition, bleeding continues to represent the most common 
noncardiac adverse event after PCI and is also associated with morbidity, prolonged hospitalization, and 
incremental costs.26 
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 Furthermore, it is important to consider the tem poral distribution of our patient cohorts. Although 
there is no immediate rationale to suggest signi!cant di"erences between patients treated before 
and after 2021, this time frame could be a contributing factor to the observed variances. The post-
2021 cohort, potentially more aligned with updated guideline-based treatment and risk score–driven 
management, might have undergone a more individualized assessment of bleeding risks, thereby 
in#uencing the choice of P2Y12 therapy. However, this aspect was not directly examined in our study.
 The TAILOR-PCI (Tailored Antiplatelet Initiation to Lessen Outcomes due to Decreased Clopidogrel 
Response After Percutaneous Coronary Intervention) also evaluated ticagrelor vs clopidogrel in patients 
with ACS or chronic coronary syndrome requiring PCI. This study compared the e$cacy and safety 
of an escalation strategy in the subset of patients with at least 1 loss-of-function allele. The authors 
reported no signi!cant di"erence in major or minor bleeding be-tween the genotype-guided group 
and conventional therapy after 12 months (HR: 1.22; 95% CI: 0.60-2.51; P 1/4 0.58).27 In contrast to our 
de-escalation approach, Beitelshees et al28 conducted a study across 9 medical centers investigating 
an escalation strategy in a real-world setting. This retrospective analysis found no signi!cant di"erence 
in bleeding events between loss-of-function allele carriers who were escalated from clopidogrel to 
prasugrel or ticagrelor. Further-more, at the University of North Carolina at Chapel Hill, where a genotype-
guided therapy was implemented, a subgroup of 316 patients initiated treatment with ticagrelor or 
prasugrel.29 Among these, 69 patients (21.8%) were de-escalated to clopidogrel. Nonetheless, the 
analysis showed no signi!cant di"erence in major adverse cardiovascular or cerebrovascular events 
or clinically signi!cant bleeding between standard care and de-escalation groups, although the small 
number of events limited the study’s power to detect such di"erences. 
 Building on these observed advantages regarding safety and e$cacy, it is pertinent to also 
highlight the broader implications of our !ndings. First, the ability to de-escalate the P2Y12 inhibitor 
in 60% to 70% of patients from a strong and more expensive P2Y12 inhibitor to the cheap and safer 
clopidogrel (in loss-of-function allele noncarriers) is an important !nding. Our !ndings, supplemented 
by previous feasibility analysis, demonstrate that the majority of noncarriers were e"ectively transitioned 
to clopidogrel within 24 hours, a$rming the practical implementation of genotype-guided therapy in 
a real-world clinical setting.23 Second, this switch has been shown to also decrease health care costs 
as shown in the POPular Genetics cost-e"ectiveness analysis.30,31 Third, rapid (median turnaround time 
of 6.3 hours) and reliable (point-of-care) genetic tests facilitate the implementation of personalized 
antiplatelet therapy without delaying treatment commencement.23

Study Limitations
First, there is a potential for temporal bias because the genotyped cohort represents a more recent 
cohort (2021-2022) compared to the standard care cohort, which spans from 2015 to 2020. This 
di"erence in time frames could have in#uenced the outcomes because of evolving clinical practices and 
advancements in treatment. We sought to mitigate this through adjustments for confounders regarding 
treatment in the Cox proportional hazards model. Continuing using genotype de-escalation in our 
registry will make it possible to substantiate or refute our !ndings in the future. Second, the patients in 
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the genotyped cohort who were not de-escalated were included in the primary analysis to represent 
the real-world situation. This inclusion might have introduced variability in our !ndings. However, we 
performed sensitivity analyses, con!rming the robustness of our primary !ndings. Third, the primary 
endpoint consisting of BARC 2, 3, or 5 bleeding events and the ischemic endpoints of cardiovascular 
mortality, MI, or stroke may seem disproportionate because BARC 2 bleedings are not clinically equiva-
lent to the other severe ischemic events. However, this comparison is standard in larger randomized 
controlled trials, o"ering a context for interpretation, and earlier studies showed that BARC 2 bleeding is 
associated with higher morbidity, mortality, and incremental costs.8,26,32 Fourth, it is important to highlight 
that in the Netherlands the predominant use of ticagrelor or prasugrel as a P2Y12 inhibitor necessitates 
a focus on de-escalation strategies. Consequently, our !ndings centered on this approach may not be 
directly applicable to settings in which clopidogrel is the mainstay of treatment and escalation strategies 
are more common. This regional practice pattern must be considered when extrapolating our results 
to di"erent international contexts in which treatment protocols may vary signi!cantly. Importantly, our 
study was not powered to de!nitively demonstrate noninferiority for ischemic events or superiority for 
bleeding events, necessitating further research with a larger sample size for conclusive results.

CONCLUSIONS

In an all-comers ACS population, a CYP2C19 genotype–guided de-escalation strategy showed no 
increase in ischemic events and a lower rate of bleeding compared to a standard DAPT regimen. These 
!ndings underline the improved safety of implementing a genotype-guided de-escalation strategy in 
clinical practice without a"ecting e#cacy and support a more extensive clinical adoption.
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ABSTRACT

Aims
A genotype-guided P2Y12 inhibitor de-escalation strategy, switching acute coronary syndrome (ACS) 
patients without a CYP2C19 loss-of-function allele from ticagrelor or prasugrel to clopidogrel, has shown 
to reduce bleeding risk without a!ecting the e!ectivity of therapy by increasing ischaemic risk. We 
estimated the cost-e!ectiveness of this personalized approach compared to standard dual antiplatelet 
therapy (DAPT; aspirin plus ticagrelor/prasugrel) in the Netherlands.

Methods and Results
We developed a 1-year decision tree based on results of the FORCE-ACS registry, comparing a cohort 
of ACS patients who underwent genotyping with a cohort of ACS patients treated with standard DAPT. 
This was followed by a lifelong Markov model to compare lifetime costs and quality-adjusted life years 
(QALYs) for a "ctional cohort of 1000 patients. The cost-e!ectiveness analysis was performed from 
the perspective of the Dutch healthcare system. A genotype-guided de-escalation strategy led to an 
increase of 57.73 QALYs and saved #808788 compared to standard DAPT based on a lifetime horizon. 
Probabilistic sensitivity analysis showed that the genotype-guided strategy was cost-saving in 96% and 
increased QALYs in 87% of simulations. The intervention remained cost-e!ective in the scenario where 
prices for all P2Y12 inhibitors were equalized. The genotype-guided strategy remained dominant in 
various other scenarios and sensitivity analyses.

Conclusion
A genotype -guided de-escalation strategy in patients with ACS was both cost-saving and yielded higher 
QALYs compared to standard DAPT, highlighting its potential for implementation in clinical practice.
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INTRODUCTION 

The default antiplatelet treatment in patients with acute coronary syndrome (ACS) is dual antiplatelet 
therapy (DAPT), comprising aspirin and a potent P2Y12 inhibitor (ticagrelor or prasugrel) for 12 
months.1 Its goal is to mitigate ischaemic risk, albeit with an associated increase in bleeding risk.2 With 
advancements in secondary prevention and stent technology, ischaemic risk has decreased, opening the 
door for new strategies that minimize bleeding risk without compromising the reduction of ischaemic 
risk.2,3 The POPular Genetics trial showed in a randomized setting that a CYP2C19 genotype-guided 
de-escalation strategy reduced the risk of bleeding without a!ecting ischaemic risk, compared to 
standard DAPT in patients with ST-elevation myocardial infarction.4 This de-escalation strategy involves 
switching from the more potent drugs ticagrelor or prasugrel to the less potent clopidogrel in patients 
without a CYP2C19 loss-of-function allele. By implementing this strategy, theoretically, 70% of patients 
who would otherwise receive ticagrelor can instead be treated with clopidogrel, a drug signi"cantly 
more a!ordable than ticagrelor and prasugrel.5, 6 Accordingly, the cost-e!ectiveness analysis (CEA) of 
the POPular Genetics demonstrated that a genotype-guided de-escalation strategy is both cost-saving 
and increases quality of life (QoL).7 While randomized clinical trials (RCTs) are crucial for establishing 
evidence-based foundations for new interventions, the question remains whether results mirror real-
world outcomes, where populations are often at higher risk and adoption rates may be lower. Whether 
the implementation of routine genetic CYP2C19 testing of ACS patients to guide the selection of the 
P2Y12 inhibitor is cost-e!ective compared to standard DAPT remains uncertain. In this analysis, we 
aimed to assess the cost- e#cacy of a genotype-guided de-escalation strategy directly after hospital 
admission, compared to standard DAPT based on real-world data.

METHODS

Study Design
For this analysis we used data from the FORCE-ACS registry (NCT03823547), of which the rationale and 
design have been described previously.8 In brief, the FORCE-ACS registry is an ongoing, prospective, 
multicentre registry involving nine Dutch hospitals , consecutively enrolling adult patients with 
(suspected) ACS since 2015. It’s primary objective is to gain insight into the various aspects of care 
for ACS patients. Before 2021, all local protocols recommended the use of DAPT with a more potent 
P2Y12 inhibitor (ticagrelor or prasugrel) as the default strategy in ACS patients without an indication 
for anticoagulation. Since 2021, one hospital (St. Antonius Hospital, Nieuwegein, The Netherlands) 
has implemented a genotype-guided P2Y12 inhibitor de-escalation strategy in its ACS protocol. At 
admission, all ACS patients underwent CYP2C19 genotype testing, either through point- of- care 
testing (POC T) using the Cube CYP2C19 System (Genomadix) or through lab-based testing with the 
StepOnePlusTM Real-Time PCR system (Applied Biosystems, Thermo"sher Scienti"c). In non-carriers 
of a CYP2C19 loss-of-function allele (normal metabolizers), the recommendation was to switch from 
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ticagrelor/prasugrel to clopidogrel. Patients who carried a CYP2C19 loss-of-function, remained on their 
current treatment with ticagrelor/prasugrel. Approval was obtained from institutional review boards, 
adhering to the Declaration of Helsinki and reporting results per STROBE guidelines.

Population
Patients enrolled in the FORCE-ACS registry were divided into two cohorts: a standard care cohort, 
in which patients were treated with a P2Y12 inhibitor (ticagrelor, prasugrel, or clopidogrel) at the 
discretion of the treating physician, and a genotyped cohort, in which patients received a CYP2C19 
genotype test with a treatment recommendation based on the result. For the current model, we used 
the propensity score-matched population from the FORCE-ACS registry, which has been published 
previously (Supplementary material online, Table S1).9 This allowed for adjustment of multiple 
baseline characteristics, yielding two cohorts that were comparable regarding age, medical history, and 
comorbidities. The median age of the trial population was 64 years old, 28% female and 14% had a prior 
history of myocardial infarction (MI).

Model Overview
We developed a two-part decision-analytic model: a 1-year decision tree to allocate patients across 
Markov states (Figure 1A), followed by a Markov model to simulate lifelong costs and e!ects (Figure 1B 
). All individuals in the hypothetical cohort were at the age of 64 at the start of the model. In the decision 
tree, all patients had the possibility of experiencing minor or major bleeding, irrespective of other events. 
Throughout the initial year, patients who experienced a MI or stroke transitioned into corresponding 
health states , while patients who passed away entered the all-cause death state; all remaining patients 
entered the no-event state. Following the 1-year decision tree period, patients transitioned between 
di!erent Markov states based on di!erent transition probabilities. These health states comprised the 
no event, non-fatal stroke, non-fatal MI, post-stroke, post-MI, and all-cause death states, re"ecting the 
lifetime progression of patients after ACS. The non-fatal MI and non-fatal stroke states were termed 
‘tunnel states’, indicating that patients could only remain in each state for one cycle. The structure of the 
Markov model was aligned with previously published and clinically validated models.10,11 A hypothetical 
cohort of 1000 patients was used to simulate progression and transitions across various health states.  In 
the base case analysis, the lifetime horizon was set at the age of 100 years.

Model Assumptions
We made the assumption that bleeding risk after the 1-year follow-up was comparable in both groups, 
as patients in both groups were assumed to be treated with aspirin, in line with current ESC guidelines 
and local protocols.12 Because use of oral anticoagulants was rare and comparable between groups, 
we did not expect this to impact the bleeding rates in the Markov model after the #rst year. In line 
with previously published literature, bleeding was not included as a separate health state in the Markov 
model and decreased QoL for only a short period.10 Patients could not develop multiple events during 
one cycle and could only experience a recurrent stroke or MI with a minimum interval of 1 year.
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A.

B.

Figure 1. Cost-e" ectiveness model. 

(A) One-year decision tree. ACS; acute coronary syndrome. (B) Long-term Markov model. Markov model transitions 
in # gure: (1) risk of non-fatal stroke based on literature. (2) Risk of non-fatal MI based on literature. (3) Mortality risk 
for patients with no event based on Dutch population data. (4) Mortality risk after a non-fatal stroke. (5) Mortality 
risk after a non-fatal MI. (6) Mortality risk at second and subsequent years after a non-fatal stroke. (7) Mortality risk at 
second and subsequent years after a non-fatal MI. MI; myocardial infarction. The dotted lines indicate the transition of 
patients in the non-fatal MI or post-MI state to the non-fatal stroke state.
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Model Input Parameters
Transition probabilities 
Probabilities for the distributions in the 1-year decision tree were derived from the propensity score-
matched results of the clinical implementation of the genotype-guided strategy.9 After constructing the 
decision tree, patients were assigned to their respective health state in the long-term Markov model. 
The Markov model, with yearly cycles, simulated disease progression over their lifetime. Patients in each 
health state faced the possibility of experiencing a stroke, MI, or death in each cycle. As the subsequent 
event risk and costs were higher in the stroke and post-stroke states , patients could not transition from 
the non-fatal stroke or post-stroke states to the non-fatal MI or post-MI states . Transition probabilities 
were based on a previous CEA with similar populations.10 Transition probabilities for subsequent events 
were derived by multiplying baseline probabilities by relative risk factors. Patients in ‘ Post- MI’ and ‘ Post-
stroke’ states had a higher risk of subsequent events than those in the ‘ No- event’ state. Mortality rates , 
based on age-speci!c data from Dutch population life tables , increased with age. All model inputs are 
detailed in Table 1.

Table 1. Model Input Parameters

Parameters Base -case 
value Range Distribution Source

Probabilities (decision tree)

Standard care

Minor bleeding 0.166 0.125–0.208 Beta Azzahha! et al.9

Major bleeding 0.042 0.001–0.052 Beta Azzahha! et al.9

MI 0.032 0.024–0.041 Beta Azzahha! et al.9

Stroke 0.017 0.013–0.022 Beta Azzahha! et al.9

All-cause death 0.026 0.019–0.028 Beta Azzahha! et al.9

Genotype-guided treatment

Minor bleeding 0.106 0.079–0.132 Beta Azzahha! et al.9

Major bleeding 0.0070 0.0055–0.0092 Beta Azzahha! et al.9

MI 0.030 0.022–0.037 Beta Azzahha! et al .9

Stroke 0.015 0.011–0.018 Beta Azzahha! et al.9

All-cause death 0.022 0.017–0.028 Beta Azzahha! et al.9

Probabilities (Markov model)a

Annual risk from ‘ No- event’ to ‘MI’ 0.019 0.01–0.05 Beta Nikolic et al.10

Annual risk from ‘ No- event’ to 
‘Stroke’

0.003 0.001–0.002 Beta Nikolic et al.10

Annual risk from ‘ No- event’ to ‘ 
Non-C V death’

Age speci!c mortality rate Beta CBS37

Increased risk of a subsequent event 
after having an event

2.0 1.0–4.0 LOGNORMAL Lala et al.38

Increased risk of death in ‘ No- event’ 2.0 1.5–2.5 LOGNORMAL Nikolic et al.10
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Increased risk of death in ‘Non-fatal 
MI’

6.0 4.5–7.5 LOGNORMAL Nikolic et al.10

Increased risk of death in ‘post MI’ 3.0 2.25–3.75 LOGNORMAL Nikolic et al.10

Increased risk of death in ‘Non-fatal 
stroke’

7.43 5.57–9.29 LOGNORMAL Nikolic et al.10

Increased risk of death in ‘post stroke’ 3.0 2.25–3.75 LOGNORMAL Nikolic et al.10

Costs (in euro’s)b

Costs CYP2C19 lab test 75 56.25–93.75 Gamma Azzahha! et al.14

Costs CYP2C19 POCT test 150 112.50–187.50 Gamma Azzahha! et al.14

1 year clopidogrel treatment 51.10 38.33–63.88 Gamma ZIN39

1 year ticagrelor treatment 876.00 657–1095 Gamma ZIN40

1 year prasugrel treatment 478.10 358.61–597.69 Gamma ZIN41

Minor bleeding 321.03 221.68–508.5 Gamma Jacbos et al.42

Major bleeding 5601.92 3243.55–9476.25 Gamma
Ten Cate-Hoek 

et al.43

MI 5734.33 3320.21–9700.3 Gamma Soekhlal et al.44

Post-MI 2620.61 2776.3–3128.85 Gamma De Jong et al.45

Stroke 29166.05 21 554.88–45512.13 Gamma De Jong et al.45

Post-stroke 11932.74 9059.22–17118.81 Gamma De Jong et al.45

All-cause death 3558.19 3495.21–3769.77 Gamma Greving et al.46

Utilitiesc

No event 0.838 0.7179–0.927 Beta FORCE-ACS

Myocardial infarction 0.744 0.66–0.87 Beta FORCE-ACS

Post-MI 0.744 0.66–0.87 Beta FORCE-ACS

Stroke 0.620 0.6–0.64 Beta Nikolic et al.10

Post-stroke 0.620 0.6–0.64 Beta Nikolic et al.10

Death 0 NA NA

Minor bleeding (disutility 2 days) 0.073 0.054–0.091 Beta FORCE-ACS

Major bleeding (disutility 14 days) 0.140 0.07–0.21 Beta Stevanovic et al.47

CI, con!dence interval; CBS, Central Bureau of Statistics; CV, cardiovascular; NA, not applicable; MI, myocardial 
infarction; ZIN , Zorginstituut Nederland [National Health Care Institute Netherlands]. a Range indicating min/max as 
provided by paper. If min/max was unavailable, ranges were calculated with 25% of the base-case value. b Range is 
based on 95% CI. If 95% CI was unavailable, ranges were calculated with standard error of 25% of the mean. c Range 
is based on 95% CI.

Table 1. Continued
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Costs
The CEA was performed from the healthcare perspective, and all costs were based on the Dutch 
healthcare system. Costs were in!ated to 2023 using a calculator based on the consumer price index 
in!ation from the Dutch Central Bureau of Statistics (Supplementary material online, Table S1).13 
They consisted of treatment costs of the di"erent antiplatelet drugs, genetic tests, and costs associated 
with cardiovascular events (minor bleeding, major bleeding, non-fatal MI, non-fatal stroke, post-MI, post-
stroke, and death). Based on a previous analysis , de-escalation occurred within 48h in the majority of 
patients.14 Therefore, the use of ticagrelor, prasugrel, and clopidogrel during the #rst year was based on 
the prescribed P2Y12 inhibitor at discharge in both cohorts and the treatment adherence during that 
year. Unplanned switching between P2Y12 inhibitors occurred frequently, especially from ticagrelor to 
clopidogrel, and predominantly early, with a median time to switch from ticagrelor to clopidogrel of 65 
days and clopidogrel to ticagrelor of 19 days (Supplementary material online, Table S1). Therefore, 
regarding drug costs , we assumed that patients who switched to another P2Y12 inhibitor were treated 
with the latter P2Y12 inhibitor for the entire year. Both the costs and allocation between the use of a 
CYP2C19 POC test (in 88% of patients) and lab test (in 12% of patients) were determined from a prior 
feasibility analysis of the clinical implementation of a genotype-guided de-escalation strategy.14 All costs 
were discounted using an annual rate of 3% in line with existing Dutch guidelines for health-economic 
evaluations.15 

Health Utilities
Health utilities were quanti#ed in quality-adjusted life years (QALYs) and derived from the FORCE-ACS 
registry population for minor bleeding, no-event state, MI state, and post-MI state. At 12 months after 
initial hospital admission, QoL was measured using the 12-item Short Form Survey version 2. EQ-5D 
results were based on complete SF-12 ques tionnaire responses, and estimated using the method 
outlined by Gray et al.16 Because of the limited number of patients who experienced major bleeding 
and/or stroke and completed an SF-12 questionnaire at 1 year, we derived the utilities for these events 
in similar populations from literature.10,17

 Based on prior literature, bleeding resulted in temporary disutility throughout the #rst year of the 
model.17 We assumed that adverse events from antiplatelet therapy, like dyspnoea or bruises, did not 
have long-term prognostic e"ects on QoL and, therefore, were not accounted for the calculation of 
utilities for the base-case values.10 

Outcomes
The outcome measures were costs , QALYs , increment al cost-e"ectiveness ratios (ICERs) expressed 
in euros per QALY gained, and net monetary bene#t (NMB), calculated as (incremental bene#t $ 
threshold)— incremental cost. If both incremental costs and QALYs were positive, the ICER was 
calculated. If both incremental costs and QALYs were negative, NMB was calculated, as the resulting ICER 
would not be informative.18 A positive NMB would indicate that the genotype-guided strategy is cost-
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e!ective compared with standard DAPT at the given willingness-to-pay threshold. Since antiplatelet 
therapy is used for tertiary prevention, we used a reference value of €20 000 per QALY.19 

Sensitivity Analysis and Scenario Analysis
The base-case analysis was based on model inputs shown in Table 1. To address model uncertainties , 
we conducted both univariate deterministic (DSA) and probabilistic sensitivity analyses (PSA). Parameter 
ranges were based on 95% con#dence intervals (CI) or a standard error of 25%. In the univariate DSA, 
each parameter was varied individually over its 95% CI or #xed range. The PSA employed a Monte Carlo 
simulation with 10 000 iterations, randomly and simultaneously varying all parameters within their 95% 
CIs or #xed ranges. The distributions used for each parameter are detailed in Table 1. 
 To evaluate the robustness of the results, scenario analyses were con-ducted with di!erent time 
horizons (scenario 1) and by equalizing all prices to mimic the availability of generic versions of ticagrelor 
and prasugrel (scenario 2). We performed additional analyses to illustrate the impact of decreasing 
drug prices on cost-e$cacy. In the base case model, we used the event rates from the FORCE-ACS 
registry. Since the con#dence intervals showed no di!erence in ischaemic event rates between the two 
groups, we conducted a third scenario where ischaemic event rates were identical (scenario 3). Finally, 
as both minor and major bleeding have been associated with increased morbidity and lower QoL for a 
prolonged time, a fourth scenario analysis accounted for a prolonged duration of disutility of bleeding 
(scenario 4).20–22

RESULTS

Base-case and Alternative Case Analyses
Based on a hypothetical cohort of 1000 patients admitted for ACS, a genotype -guided de -escalation 
strategy resulted in a lifetime increase of 57.30 QALYs, while saving €808 788, compared to standard 
prescription of DAPT. This equated to an average gain of 0.058 QALYs and €809 saved per patient. 
The incremental NMB of the genotyped guided strategy was €1962 per patient. The univariate DSA, 
represented in a tornado plot (Figure 2), revealed that the distribution of patients across the di!erent 
health states by the decision tree (all-cause mortality, MI, and stroke) exerted the most signi#cant impact 
on the model outcomes. Furthermore, the #ndings from probabilistic sensitivity analysis (PSA), depicted 
in a cost-e!ectiveness plane (Figure 3), indicated that treatment with clopidogrel was cost saving in 
96% of the 10 000 Monte Carlo simulation iterations, whereas it increased QALYs in 87% of the iterations. 
In 95% of the iterations, the NMB was higher in the genotype-guided group compared to the standard 
DAPT group, indicating cost-e$cacy.
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Figure 2. Deterministic sensitivity analysis. 

Tornado plot showing the net monetary bene!t (NMB). In the deterministic sensitivity analysis (DSA), the minimum 
and maximum value of the parameter range of every individual parameter is alternately put into the model. The 
results of the DSA depict the in"uence on the NMB when the minimum or maximum value of the individual 
parameter is used, while all other parameters stay the same. The base case value of the NBM was 1850.7 DT: decision 
tree, MI, myocardial infarction.



COST-EFFECTIVENESS OF IMPLEMENTING A GENOTYPE-GUIDED DE-ESCALATION STRATEGY IN ACS

231

12

Figure 3. Probabilistic sensitivity analysis. 

Cost-e!ectiveness plane showing the results of the probabilistic sensitivity analysis (PSA) demonstrating the varying 
outcomes of the Monte Carlo analysis, with 10 000 iterations per patient, where all model inputs are randomly 
adjusted based on their respective uncertainty distributions. Both the average PSA value and the outcome of the 
base-case scenario are displayed in the "gure. QALY, quality-adjusted life year.

Scenario Analyses
Table 2 shows the results of the di!erent scenario analyses. In scenario 1, adjusting the time horizon did 
not alter the conclusions regarding the cost-e!ectiveness of the intervention. After 1 year, implementing 
a de-escalation strategy led to a net cost reduction of #$460 924. This reduction was primarily driven by 
decreased medication expenses (#$261 723) compared to standard care, despite the costs associated 
with performing the genetic tests (+ $140 965) in the genotype-guided cohort. The intervention 
remained cost-saving in scenario 2, where prices for all P2Y12 inhibitors were equalized, primarily due to 
the increased costs associated with higher bleeding rates in the standard care cohort. In addition, when 
applying this scenario over a 1-year time horizon, the genotype-guided strategy was cost-saving (#$199 
202). In Figure 4, we illustrated the potential impact of de-creasing prices for ticagrelor on cost-savings. 
Under varying scenarios and time horizons, the genotype-guided strategy was cost-saving compared 
to standard care with ticagrelor prices ranging from $0 to $3/day. In scenario 3, where ischaemic events 
rates were identical, costs remained lower in the genotype-guided group. In this scenario, the increase in 
QALYs (0.20) is attributable to the decrease of bleeding in the intervention group. In the fourth scenario, 
the period of the disutility of bleeding was extended. This increased QALYs associated with the guided 
strategy from 57.53 (base case) to 61.76 (182 days) and 66.22 (365 days).
Table 2. Lifetime cost-e!ectiveness results for base-case and scenario analyses
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DISCUSSION

This is the !rst CEA evaluating the economic bene!ts of a genotype-guided de-escalation strategy using 
data from its implementation in clinical care. These cost-e"cacy data suggest that implementing a 
genotype -guided de -escalation strategy in clinical practice is associated with an increase in QALYs and 
a reduction in costs compared to standard DAPT in patients with ACS. Multiple sensitivity and scenario 
analyses consistently replicated the !ndings of the base-case analysis, con!rming that a genotype-
guided strategy dominated standard care, as it was both cost-saving and yielded higher QALYs.

In recent years, numerous strategies have been explored to reduce bleeding risk without compromising 
ischaemic outcomes in patients undergoing DAPT. Considering the growing body of evidence, the 
preference may shift toward ticagrelor monotherapy after a brief period of DAPT in the coming years.23 
However, with the ever-rising costs of healthcare, one should not neglect the impact of longer or more 
frequent prescription of costly drugs like ticagrelor or prasugrel.24 



CHAPTER 12

234

Figure 4. Figure 4 Impact of reducing ticagrelor prices on costs in di!erent scenarios. 

Results of a scenario analysis demonstrating the impact of reducing ticagrelor prices on total costs in the genotype-
guided and standard care cohorts. ( A ) Total costs based on the base-case analysis and a lifetime horizon. ( B ) Total 
costs based on the base-case analysis and a 1-year horizon. ( C ) Costs based on the scenario with equal distribution 
over health states and a 1-year horizon.
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While ticagrelor and prasugrel are the most e!ective at reducing platelet reactivity in patients with a 
CYP2C19 loss-of-function allele compared to standard dose clopidogrel, high-dose clopidogrel also 
lowers platelet reactivity in these patients and may serve as a low-cost option in clinical settings 
where ticagrelor or prasugrel are unavailable.25 However, this approach is not recommended by clinical 
guidelines, such as those from CPIC, as clopidogrel doses as high as 300 mg may not fully overcome 
genotype e!ects in certain intermediate metabolizers (e.g. those with diabetes) or poor metabolizers.5

 The POPular Genetics trial was the "rst large RCT to demonstrate that a genotype-guided de-
escalation strategy can reduce bleeding events.4 Although there were no signi"cant di!erences in 
the combined thrombotic outcome between the two groups, a limitation of this study is that it was 
not powered to detect non-inferiority for ischaemic events. Nevertheless, similar "ndings have been 
reported in other observational studies and a meta-analysis, suggesting that clopidogrel has comparable 
e#cacy to ticagrelor or prasugrel in patients without a loss-of-function allele, but reduced e#cacy in 
intermediate or poor metabolizers and those with a high ABCD-GENE (age, body mass index, chronic 
kidney disease, diabetes, and CYP2C19 genetic variants) score.26 , 27 These results are reinforced by a 
network meta-analysis indicating that guided selection of P2Y12 inhibitor therapy in ACS patients o!ers 
a better balance of safety and e#cacy than routine potent P2Y12 inhibitor therapy.28 
 Our results are in line with the CEA of the POPular Genetics, which demonstrated the cost-e#cacy 
of a CYP2C19 genotype-guided strategy based on data from a randomized trial.29 Despite higher overall 
costs in both groups, which can be attributed to in$ation and increased rates of ischaemic events, the 
incremental cost-savings from both base-case analyses were comparable (FORCE-ACS: %&698,286 vs. 
POPular Genetics: %&725 551). The increase in incremental QALYs was more pronounced in our analysis 
(FORCE-ACS: 57.73 vs. POPular Genetics: 8.98), which may be due to the larger disparity in event rates 
used in the base case. In the PSA cost-e!ectiveness plane, the POPular Genetics study shows more 
iterations skewed toward the southeast quadrant, indicating greater cost-e!ectiveness. Unlike our 
study, their CEA lacked speci"ed probability ranges for decision tree variables, which may explain the 
di!erences. Since our study was not powered to detect event di!erences, we took a more conservative 
approach by incorporating uncertainty around the event rates in our model. The tornado plot in Figure 2 
shows that changes in the probabilities used in the decision tree during the initial cycle exert the largest 
impact on the lifetime outcome of the model. 

Despite this conservative approach, the genotype-guided strategy saved costs and was associated with 
more QALYs gained in 84% of the iterations.
 Several studies have explored the cost-e!ectiveness of CYP2C19 genotype -guided strategies 
. However, none have used data from a study where a de-escalation strategy was implemented.30-32 
In a secondary analysis, Limdi et al. assessed the cost-e#cacy of a genotype -guided de -escalation 
applied 30 days post-PCI. They found it was not cost-e!ective (ICER of $188 680/QALY), but resulted 
in a higher NMB than universal use of ticagrelor. An important constraint is that this analysis relied on 
data from an escalation strategy, rather than a de-escalation strategy, making it challenging to assess 
cost-e!ectiveness for a de-escalation approach. A CEA based on the Veterans Health Administration 
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showed that a combined approach of genotype-guided escalation and de-escalation strategies can 
improve cardiovascular outcomes and reduce costs within 12 months.33 How-ever, the analysis relied 
on RCT data for treatment e!ects rather than real-world data, which may limit the generalizability of the 
"ndings. Notably, the study emphasized that health systems should prioritize high adherence to the de-
escalation strategy, as it was the primary driver of cost-e!ectiveness.
 Our analysis bene"ts from using prospectively registered real-world data, allowing us to account 
for adherence to the de-escalation proto col and P2Y12 inhibitor therapy in the "rst year after ACS. 
Instead of assuming universal de-escalation to clopidogrel, we considered that only 89% did so, aligning 
with prior data.14 We also adjusted the standard care cohort to re#ect that only 64% received ticagrelor. 
These considerations lead to more conservative results, but ones that are closer to clinical practice.
 With the anticipated expiration of the patent for ticagrelor, prices are expected to gradually decrease 
in the coming years. We demonstrated that even with decreasing ticagrelor prices, a genotype-guided 
de-escalation strategy remains cost-e!ective, as the bene"cial e!ect on bleeding can o!set these lower 
prices.
 Our "ndings, alongside results from RCTs and consensus recommendations, should prompt 
guideline committees to provide stronger recommendations on the use of genetic testing in clinical 
practice, as current guidelines either omit this strategy or o!er only weak guidance.34–36

Limitations
Our analysis is subject to several limitations . First, as the FORCE-ACS registry could only provide data 
regarding treatment and outcomes during the "rst year, we had to make assumptions based on other 
data to estimate long-term cost-e!ectiveness. However, the majority of these assumptions are based 
on data from comparable populations and similar clinical settings. Second, the probabilities in the 
decision tree were derived from observational data comparing two cohorts enrolled during di!erent 
time periods. Since this analysis was not powered to detect di!erences in ischaemic and bleeding rates, 
further research with a larger sample size is required for more conclusive results. Third, as less than 1% 
of patients were treated with prasugrel, our "ndings are mainly relevant to treatment with clopidogrel 
and ticagrelor. Fourth, while converting SF-12 data to EQ-5D responses is pragmatic given the data 
constraints, it introduces some uncertainty in the precision of QALY calculations. Fifth, our analysis used 
a healthcare perspective, though a societal perspective is preferable. This would include non-healthcare 
costs and productivity loss, which we could not account for, as we did not register this data. Finally, 
while our results advocate for the cost-e!ectiveness of genotype -guided de -escalation, the routine 
implementation of CYP2C19 genotyping may vary based on local infrastructure and associated costs, 
which can di!er across healthcare settings in di!erent countries.
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CONCLUSION

A genotype -guided de -escalation strategy in patients with ACS dominated standard DAPT consisting 
of aspirin plus ticagrelor/prasugrel by being cost-saving and yielding higher QALYs. These !ndings 
underscore the cost-e"ectiveness of implementing a genotype-guided de-escalation strategy into 
clinical practice.
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ABSTRACT

Background and Aims
A genotype-guided de-escalation strategy - switching from a potent P2Y12 inhibitor to clopidogrel - 
may represent an e!ective and safe approach to reducing bleeding risk in patients with acute coronary 
syndrome (ACS). This analysis aimed to evaluate the safety and e!ectiveness of routine genetic testing 
to guide antiplatelet therapy in clinical practice.

Methods
In this investigator-initiated, prospective, multicentre implementation study, patients were divided into 
a standard care cohort, where antiplatelet therapy was prescribed at the physician’s discretion (with a 
potent P2Y12 inhibitor as the default choice), and a genotype-guided cohort. In the genotype-guided 
group, physicians were recommended to switch to clopidogrel in noncarriers of CYP2C19 loss-of-
function alleles during hospital admission. The primary endpoints were major adverse cardiac events 
(MACE), de"ned as a composite of cardiovascular death, myocardial infarction, or stroke, and major 
or non-major clinically relevant bleeding (Bleeding Academic Research Consortium types 2, 3, or 5), 
at one year of follow-up. Hazard ratios were adjusted for baseline di!erences between cohorts using 
multivariable Cox regression.

Results
A total of 9,907 patients were included in the analysis. Of these, 1,208 (12%) were included in the 
genotype-guided cohort, while 8,699 (88%) were assigned to the standard care cohort. MACE occurred 
in 107 patients (8.9%) in the genotype-guided cohort and 897 patients (10.3%) in the standard care 
cohort (adjHR 1.05; 95% CI 0.85-1.29; P = 0.64). Major or non-major clinically relevant bleeding was 
reported in 146 patients (12.1%) in the genotype-guided cohort compared to 1,384 patients (15.9%) in 
the standard care cohort (adjHR 0.79; 95% CI 0.67–0.94; P = 0.01).

Conclusion
In patients with ACS receiving antiplatelet therapy, implementation of a CYP2C19 genotype-guided 
de-escalation strategy in clinical practice signi"cantly reduced major and non-major clinically relevant 
bleeding compared to standard care at 12 months, without increasing ischemic events.
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INTRODUCTION

Acute coronary syndrome (ACS) continues to be a signi!cant cause of morbidity and mortality 
worldwide, necessitating e"ective strategies to reduce ischemic events in a"ected patients.1 Dual 
antiplatelet therapy (DAPT), consisting of aspirin and a P2Y12 inhibitor, is the cornerstone of secondary 
prevention in these patients.2 While the more potent P2Y12 inhibitors ticagrelor and prasugrel o"er 
enhanced protection against ischemic events, their use is associated with an increased risk of bleeding, 
a complication that signi!cantly impacts patient outcomes and is associated with increased morbidity 
and mortality.3,4

 The challenge of balancing ischemic and bleeding risks has driven the development of 
personalized treatment strategies, including the adoption of de-escalation strategies.5 These strategies 
involve switching from potent P2Y12 inhibitors to less potent alternatives, such as clopidogrel, to 
mitigate bleeding risks without compromising ischemic protection. A promising approach to optimize 
this balance in patients with ACS is a genotype-guided de-escalation strategy. Genetic testing for the 
CYP2C19 genotype, which encodes the enzyme essential for clopidogrel activation, enables tailored 
treatment by identifying patients with loss-of-function (LOF) alleles. These individuals are more likely 
to experience high on-treatment platelet reactivity (HTPR) to clopidogrel, which in turn is associated 
with increased ischemic risk.6 Patients without these genetic variants (normal metabolizers), who 
comprise approximately 70% of the European population, may safely switch to clopidogrel, reducing 
both bleeding risks and healthcare costs.7,8 The POPular Genetics trial demonstrated the e#cacy and 
safety of a CYP2C19 genotype-guided de-escalation strategy in a randomized setting, showing reduced 
bleeding without an evident increase in ischemic events among patients with ST-segment elevation 
myocardial infarction (STEMI).9 Despite these !ndings and recommendations from various expert 
opinion groups, the implementation of this strategy in clinical practice remains low, resulting in limited 
evidence from real-world settings.10–12 The controlled nature of clinical trials often excludes high-risk 
populations and does not account for the complexities of routine clinical practice, raising questions 
about the generalizability of these results.
 To address this gap, our study examines the implementation of a genotype-guided de-escalation 
strategy in a real-world ACS population. This analysis aims to provide insights into the safety and 
e"ectiveness of routine genetic testing to guide antiplatelet therapy, focusing on bleeding and ischemic 
outcomes in an all-comers cohort at one year follow-up. By bridging the evidence gap between clinical 
trials and real-world practice, our !ndings aim to inform broader adoption of personalized antiplatelet 
therapy strategies.
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METHODS

Study design
The POPular GUIDE PCI was an investigator-initiated, prospective, observational, multicentre study. It was 
conducted as an implementation initiative within the ongoing FORCE-ACS (Future Optimal Research 
and Care Evaluation in Patients with Acute Coronary Syndrome) Registry (NCT03823547), which includes 
nine non-interventional and interventional cardiac centres in the Netherlands.13 The research protocol 
of the FORCE-ACS registry was approved by the institutional review boards of all participating medical 
centres. Enrolment procedures have been prescribed previously.13 All patients included in the registry 
have provided either written or digital informed consent.

Study Population and Data Collection
Patients aged 18 years or older are eligible for enrolment in the FORCE-ACS registry upon admission 
with a suspected ACS, including unstable angina, non-ST-elevation myocardial infarction (NSTEMI), 
or STEMI. The registry has no exclusion criteria. Data was prospectively collected by members of the 
investigation team during a follow-up of three years. Follow-up was conducted via electronic health 
record (EHR) review and questionnaires administered at prede!ned intervals: 1, 12, 24, and 36 months 
after admission. The questionnaires included speci!c questions about ischemic and bleeding events, 
assessed quality of life, and gathered information on drug use and any changes in antiplatelet therapy.

Treatment Procedures
Since 2015, patients with (suspected) ACS were consecutively enrolled in the FORCE-ACS registry. 
Antithrombotic treatment followed local protocols, comprising a loading dose of aspirin, a potent 
P2Y12 inhibitor, and heparin, in line European Society of Cardiology guidelines.14 In June 2021, the 
implementation of the genotype-guided de-escalation strategy was initiated using on-site testing 
facilities in the St. Antonius Hospital, Nieuwegein, the Netherlands. Details on the genotype guided 
de-escalation have been described previously.15 Initially, CYP2C19 genotyping was performed 
using the Genomadix point-of-case assay which required buccal swap samples. In March 2022, the 
implementation protocol was updated to include on-site CYP2C19 genotyping using genomic DNA 
extracted from venous blood in the central laboratory. The local protocol required that every patient 
with ACS underwent CYP2C19 genotype testing immediately after admission, with STEMI patients 
primarily tested via the point-of-care system and NSTEMI patients predominantly tested in the central 
laboratory. Patients carrying at least one CYP2C19 LOF allele (*2 or *3), categorized as intermediate 
(IM) or poor metabolizers (PM), remained on ticagrelor or prasugrel. In non-carriers ([ultra-]rapid [UM/
RM] or normal metabolizers [NM]), attending physicians received an automated noti!cation to switch 
antiplatelet therapy from ticagrelor to clopidogrel, starting with a 600 mg loading dose followed by 75 
mg daily. Ultimate prescribing decisions were left to the physician’s discretion. 
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 As of 2023, three of the other participating sites adopted o!-site genetic testing using blood 
samples, following the same de-escalation protocol. At these sites, de-escalation to clopidogrel was 
performed during the patient’s next follow-up visit.

Study Endpoints
The study had two primary endpoints: major adverse cardiac events (MACE), de"ned as a composite of 
cardiovascular death, myocardial infarction (MI), or stroke within 12 months of hospital admission, and 
major or non-major clinically relevant bleeding, classi"ed according to the Bleeding Academic Research 
Consortium (BARC) types 2, 3, or 5. The secondary endpoint, net adverse cardiac events (NACE), was 
de"ned as a composite of all-cause death, MI, stroke, stent thrombosis and major bleeding (BARC 3 or 5). 
All the individual components of the primary endpoints were adjudicated by coordinating investigators 
of the FORCE-ACS registry.
 P2Y12 inhibitor adherence was assessed by classifying medication changes into two groups: 
alterations, de"ned as any change in the prescribed P2Y12 inhibitor after hospital discharge, and 
disruptions, de"ned as discontinuation of P2Y12 inhibitor therapy for more than 14 days. Reasons for 
drug alterations were also documented.

Statistical analysis
Patients were categorized into two cohorts: a standard care cohort, where P2Y12 inhibitors were 
prescribed at the treating physician’s discretion, and a genotype guided cohort, where patients 
underwent CYP2C19 genotype testing with treatment recommendations tailored to the test results. 
Patients, in whom the CYP2C19 genotype was already known at admission, were also included in 
the genotype-guided group. For this analysis, only patients with a "nal diagnosis of ACS, for whom 
antiplatelet therapy was indicated, were included.
 Although this study is observational and based on ongoing registry data, a pre-speci"ed sample 
size calculation was performed to ensure adequate power for detecting clinically meaningful di!erences 
between groups. We estimated the required sample size based on an assumed incidence of major 
or non-major clinically relevant bleeding of 11.0% in the standard-treatment group and 8.0% in the 
genotype-guided group, derived from a prior pilot analysis and the results of the POPular Genetics.16 
Using an alpha level of 0.05 and a power of 80%, we calculated that 1,125 patients in the genotype-
guided group would be necessary to demonstrate superiority. To account for a 5% attrition rate, the "nal 
planned sample size was set at 1,181. 
 Continuous variables were summarized as medians with interquartile ranges (IQR) or means with 
standard deviations (SD), while categorical variables were presented as frequencies and percentages. 
Comparisons between the standard care and genotyped cohorts were conducted using Mann-Whitney 
U tests or t-tests for continuous variables and Chi-square or Fisher’s Exact tests for categorical variables. 
The primary analysis utilized a Cox proportional hazards model to estimate hazard ratios (HRs) with 95% 
con"dence intervals. Potential confounders were included in the multivariable model based on clinical 
relevance (age, hypercholesterolemia, prior myocardial infarction, prior CABG, prior stroke, peripheral 
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artery disease, atrial !brillation, discharge diagnosis, use of diuretics, triple therapy, ACE inhibitors or ATII 
receptor blockers, proton pump inhibitors, PCI during admission, high bleeding risk, and complex PCI). 
Similar Cox proportional-hazards models were used for the analysis of subgroups de!ned according 
to age (<75 years or ≥75 years), sex (male or female), diabetes mellitus (yes/no), renal function (<60 or 
>60 mL/min/1.73 m#), clinical presentation (NSTEMI, or STEMI), high bleeding risk (Predicting Bleeding 
Complications in Patients Undergoing Stent Implantation and Subsequent Dual Antiplatelet Therapy 
[PRECISE-DAPT] <25 or ≥25) and complex PCI (yes/no), de!ned as the use of three or more stents, 
treatment of three or more lesions, stent length exceeding 60 mm, left main stenting, bifurcation 
stenting, or prior stent thrombosis. Time-to-event analyses were performed using Kaplan-Meier curves. 
The proportional hazards assumption was assessed using Schoenfeld residuals.
 To account for baseline di$erences and reduce confounding in the comparison of outcomes, 
propensity score matching was performed using clinically relevant covariates. Matching followed a one-
to-three protocol without replacement, applying the nearest neighbour method with a calliper of 0.2 
standard deviations of the logit of the propensity score. Additional sensitivity analyses were conducted to 
re!ne the assessment of the genotype-guided strategy’s treatment e$ect in three di$erent populations, 
one excluding patients treated with oral anticoagulants at discharge, one excluding those patients in 
whom the recommended choice of P2Y12 inhibitor based on the genetic test result was not followed 
and one only including patients that underwent PCI during admission. 
 Patients were evaluated from hospital admission until death, withdrawal of consent, or the last 
contact date. All statistical analyses were conducted R studio version 3.6.1 (Vienna, Austria).

RESULTS

Patient characteristics
A total of 9,907 patients, enrolled between January 2015 and December 2023, were included in the 
analysis (Figure 1). Of these, 1,208 (12%) were included in the genotype-guided cohort, while 8,699 
(88%) comprised the standard care cohort. The mean age of the overall population was 66 years (SD 
±11.8), 2,827 (29%) were women, and 70% (N = 6,896) underwent PCI during hospital admission. Patients 
in the genotype-guided cohort exhibited a higher prevalence of prior bleeding events and STEMI as the 
index diagnosis, whereas the standard care cohort had a greater prevalence of prior MI, prior PCI, prior 
CABG, prior stroke, atrial !brillation and peripheral artery disease (Table 1).
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Figure 1. Study Flowchart

ACS = acute coronary syndrome

Treatment and Management
Coronary angiography was performed in 96% of genotype-guided patients and 95% of standard care 
patients (Table 1). PCI was more frequently performed in the genotype-guided cohort (75%) compared 
to the standard care cohort (69%). More patients in the genotype-guided cohort underwent a complex 
PCI-procedure (11.6% vs. 14.2%, P = 0.008). 
 Among the genotype-guided cohort, 69% of patients (838 of 1,208) were identi" ed as non-carriers. 
At discharge, clopidogrel was prescribed to 60% of patients in the genotype-guided cohort (N = 723) 
and ticagrelor in 35% (N=422). In the standard care cohort, 29% of patients were treated with clopidogrel 
(N=2,505) and 63% with ticagrelor (N=5,494). Among loss-of-function carriers in the genotype-guided 
group (n = 370), 312 (84%) were treated with ticagrelor or prasugrel, while the remainder predominantly 
received clopidogrel, mainly due to concomitant oral anticoagulant use.
 The rate of P2Y12 treatment alterations was signi" cantly lower in the genotype-guided cohort 
compared to the standard care cohort (98 [8.1%] vs. 1243 [14.3%], P < 0.001). Similarly, dyspnoea leading 
to treatment alterations was reported less frequently in the genotype-guided cohort (36 [3.0%] vs. 517 
[5.9%], P < 0.001). No signi" cant di# erence was observed in treatment disruption between the two 
groups (36 [2.4%] vs. 517 [3.2%], P = 0.236).
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Table 1. Baseline table for the genotype guided cohort compared to the standard care cohort

Characteristics Genotype Guided Cohort 
(N = 1,208)

Standard Care cohort  
(N = 8,699) p-value

Age (mean [SD]) 65.51 (11.39) 66.43 (11.90) 0.012

Female sex (%) 318 (26.3) 2509 (28.8) 0.075

BMI (mean [SD]) 27.68 (4.79) 27.41 (4.44) 0.057

CYP2C19 LOF carrier (%) 370 (30.6) - -

Hypertension (%) 644 (53.6) 4741 (55.9) 0.139

Dyslipidaemia (%) 960 (79.5) 4736 (54.4) <0.001

Diabetes Mellitus (%) 245 (20.3) 1801 (20.9) 0.696

Previous MI (%) 197 (16.3) 1788 (20.6) 0.001

Previous PCI (%) 208 (17.2) 1764 (20.3) 0.014

Previous CABG (%) 67 (5.5) 684 (7.9) 0.005

Prior stroke (%) 82 (6.8) 774 (8.9) 0.017

Atrial !brillation (%) 44 (3.6) 713 (8.2) <0.001

PAD (%) 55 (4.6) 660 (7.6) <0.001

Kidney failure (%) 41 (3.4) 329 (3.8) 0.558

Previous bleeding event  (%) 127 (11.0) 500 (5.9) <0.001

GRACE-score >140 (%) 190 (15.7) 1430 (16.4) 0.559

PRECISE-DAPT >25 (%) 320 (26.6) 2606 (30.4) 0.008

Discharge diagnosis

    STEMI (%) 
    NSTEMI (%) 
    IAP (%)

628 (52.0) 
458 (37.9) 

59 (4.9)

3443 (39.6) 
4163 (47.9) 

702 (8.1)

<0.001

Treatment

CAG during admission (%) 1163 (96.4) 8242 (94.8) 0.021

PCI during admission (%) 905 (74.9) 5991 (68.9) <0.001

DES stent (%) 838 (69.4) 5532 (63.6) <0.001

CAG access site 0.007

    Radial (%) 963 (79.7) 6706 (77.1)

    Femoral (%) 189 (15.6) 1402 (16.1)

    Brachialis (%) 1 (0.1) 32 (0.4)

Vessel disease

   0-VD (%) 53 (4.4) 546 (6.3) 0.012

   1-VD (%) 478 (39.6) 2689 (30.9) <0.001

   2-VD (%) 342 (28.3) 1740 (20.0) <0.001

   3-VD (%) 280 (23.2) 1648 (18.9) 0.001

   Graft dysfunction (%) 22 (1.8) 239 (2.7) 0.074

Bifurcation stenting (%) 33 (3.3) 119 (1.7) <0.001
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Left main stenting 29 (2.4) 144 (1.7) 0.064

Complex PCI (%) 172 (14.2) 1010 (11.6) 0.008

Aspirin (%) 992 (82.1) 7420 (85.3) 0.004

Clopidogrel (%) 723 (60.0) 2505 (28.8) <0.001

Prasugrel (%) 3 (0.3) 46 (0.6) 0.177

Ticagrelor (%) 422 (34.9) 5494 (63.2) <0.001

Vitamin-K antagonist (%) 46 ( 3.8) 654 ( 7.5) <0.001

DOAC (%) 134 (11.1) 779 ( 9.0) 0.019

Oral anticoagulation (%) 180 (14.9) 1432 (16.5) 0.182

Triple therapy (%) 8 ( 0.7) 407 ( 4.7) <0.001

Beta-blocker (%) 866 (71.7) 6171 (70.9) 0.59

ACE inhibitor or AT-II antagonist (%) 827 (68.5) 6342 (72.9) 0.001

Lipid lowering drugs (%) 1117 (92.5) 7920 (91.0) 0.102

PPI (%) 1127 (93.3) 7314 (84.1) <0.001

Data are n (%) unless stated otherwise. Missing data were observed for BMI (4.3%), access site (6.3%) and bifurcation 
stenting (19.3%); for all other variables, missing data were less than 3%. ACE = angiotensin-converting enzyme; AT-II 
= angiotensin-II; IQR = interquartile range; BMI=  body mass index; CABG = coronary artery bypass grafting; CAG = 
coronary angiography; DES = drug eluting stent; CV = cardiovascular; IQR = interquartile range; kg = kilogram; MI = 
myocardial infarction; PAD = peripheral arterial disease; PCI = percutaneous coronary intervention; SD = standard 
deviation; VD = vessel disease. 

Comparison of Central Laboratory and Point-Of-Care Testing
The median time from hospitalization to test result was signi!cantly shorter for patients tested using 
point-of-care testing (POCT) compared to the central laboratory (0 days [IQR 0–1] vs. 2 days [IQR 2–4], P 
< 0.001, Table 2). Similarly, the median time from hospitalization to de-escalation was shorter with POCT 
(1 day [IQR 1–2] vs. 3 days [IQR 2–6], P < 0.001). 
 At the site with on-site testing facilities, POCT demonstrated faster turnaround times, with a 
median of 0 days (IQR 0–1) from hospitalization to test result compared to 2 days (IQR 2–3) for the central 
laboratory (P < 0.001). De-escalation also occurred more rapidly for POCT patients (median 1 day [IQR 
1–2]) compared to those tested via the central laboratory (3 days [IQR 2–5], P < 0.001). At the sites with 
o"-site testing facilities only, delays were more pronounced with central laboratory testing. The median 
time from hospitalization to test result was 4 days (IQR 2–6), and de-escalation occurred at a median of 
16 days (IQR 9–22).

Table 1. Continued
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Table 2. Comparison of central laboratory and point-of-care testing across between sites with both on-site and o!-
site testing facilities, and sites with only o!-site facilities. 

Central Lab  
(N = 238)*

POCT 
(N = 917)*

Total (N = 1,155)* Days (median [IQR]) Days (median [IQR]) P-value

Days from hospitalization to test result 2 [2, 4] 0 [0, 1] <0.001

Days from hospitalization to de-escalation 3 [2, 6] 1 [1, 2] <0.001

Days from test result to de-escalation 1 [1, 3] 1 [1, 1] <0.001

Onsite test facilities (N = 1,108)

Days from hospitalization to test result 2 [2, 3] 0 [0, 1] <0.001

Days from hospitalization to de-escalation 3 [2, 5] 1 [1, 2] <0.001

Days from test result to de-escalation 1 [0, 2] 1 [1, 1] 0.082

O!-site test facilities (N = 47)

Days from hospitalization to test result 4 [2, 6]

Days from hospitalization to de-escalation 16 [9, 22]

Days from test result to de-escalation 13 [7, 19]

*The date and time of test results were unavailable for 53 patients (37 from the central lab and 16 from POCT patients). 
IQR = interquartile range, POCT = point-of-care testing

Clinical Outcomes
Primary outcomes
During the median follow-up duration of 365 days (mean 348 days, IQR: 365–365 days), MACE occurred 
in 107 of 1,208 patients (8.9%) in the genotype guided cohort and 897 of 8,699 patients (10.3%) in 
the standard care cohort (adjHR, 1.05; 95% con"dence interval [CI], 0.85-1.29; P = 0.64) (Figure 2A 
and Table 3). Major or non-major clinically relevant bleeding occurred in 146 patients (12.1%) in the 
genotype guided cohort and 1,384 patients (15.9%) in the standard care cohort (adjHR, 0.79; 95% CI, 
0.67-0.94; P = 0.01, Figure 2B), with consistent results observed across other bleeding classi"cations 
(Supplementary Appendix Table 1). Kaplan-Meier analysis demonstrated similar results, showing no 
signi"cant di!erence in MACE, but a highly signi"cant reduction in major or non-major clinically relevant 
bleeding (log-rank P = 0.0006).

Secondary Outcomes
NACE occurred in 137 patients (11.3%) in the genotype guided cohort and 1,253 patients (14.4%) 
in the standard care cohort (adjHR, 0.91, 95% CI, 0.76-1.09; P = 0.31). The incidences of the individual 
components of all composite end point are shown in Table 2. The rate of death from any cause was 
4.3% in the genotype guided cohort and 5.7% in the standard care cohort (adjHR, 1.08; 95% CI, 0.80-1.44, 
P = 0.63). The incidence of myocardial infarction was 3.6% in the genotype guided cohort and 4.9% in 
the standard care cohort (adjHR 0.87; 95% CI, 0.63-1.19, P = 0.38). There was no di!erence in the incidence 
of stent thrombosis (0.8% vs. 0.9%, adjHR 0.81, 95% CI, 0.41-1.61 P = 0.55).
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 Major bleeding (BARC 3 or 5) occurred in 2.6% of patients in the genotype guided cohort and 
3.7% in the standard care cohort (adjHR, 0.80, 95% CI, 0.55-1.17; P = 0.25). The rate of BARC 2 bleeding was 
10.3% in the genotype guided cohort and 13.0% in the standard care cohort (adjHR 0.83, 95% CI 0.69-1.01, 
P = 0.06).

Table 3. Clinical outcomes of the genotype guided compared with the standard care cohort. 

Outcomes
Genotype 

guided Cohort  
(N = 1,207)

Standard Care  
Cohort  

 (N = 8,699)

Unadjusted Adjusted

HR (95% CI) P -Value HR (95% CI) P -Value

MACE 107 (8.9%) 897 (10.3%) 0.85 (0.70-1.04) 0.12 1.05 (0.85-1.29) 0.64

BARC 2, 3 or 5 146 (12.1%) 1384 (15.9%) 0.74 (0.63-0.88) 0.0007 0.79 (0.67-0.94) 0.01

NACE 137 (11.3%) 1253 (14.4%) 0.77 (0.655-0.92) 0.004 0.91 (0.76-1.09) 0.31

All-cause death 52 (4.3%) 492 (5.7%) 0.76 (0.57-1.01) 0.05 1.08 (0.80-1.44) 0.63

CV death 43 (3.6%) 368 (4.2%) 0.84 (0.61-1.15) 0.27 1.30 (0.94-1.81) 0.11

MI 44 (3.6%) 423 (4.9%) 0.74 (0.54-1.01) 0.06 0.87 (0.63-1.19) 0.38

Stroke 33 (2.7%) 177 (2.0%) 1.34 (0.92-1.94) 0.12 1.46 (0.99-2.14) 0.06

Ischemic Stroke 14 (1.2%) 94 (1.1%) 1.27 (0.72-2.24) 0.41 1.56 (0.83-2.94) 0.17

Stent Thrombosis 10 (0.8%) 75 (0.9%) 0.96 (0.48-1.85) 0.90 0.81 (0.41-1.61) 0.55

BARC 2 124 (10.3%) 1132 (13.0%) 0.78 (0.64-0.93) 0.007 0.83 (0.69-1.01) 0.06

BARC 3 or 5 31 (2.6%) 326 (3.7%) 0.68 (0.47-0.98) 0.04 0.80 (0.55-1.17) 0.25

BARC 3 31 (2.6%) 303 (3.5%) 0.73 (0.50-1.06) 0.09 0.85 (0.58-1.24) 0.40

The model was adjusted for age, hypercholesterolemia, prior myocardial infarction, prior CABG, prior stroke, peripheral 
artery disease, atrial !brillation, discharge diagnosis, use of diuretics, triple therapy, ACE inhibitors or ATII receptor 
blockers, proton pump inhibitors, PCI during admission, high bleeding risk, and complex PCI. CV = cardiovascular; MI 
= myocardial infarction; BARC = Bleeding Academic Research Consortium; HR = hazard ratio; CI = con!dence interval. 
*Hazard ratios are based on an unadjusted model.

Sub-group analyses
Analyses of the primary outcomes were performed in speci!ed subgroups. The results were generally 
consistent with those in the whole cohort (Supplementary Figure 1). In patients with high bleeding 
risk (HBR), based on a PRECISE-DAPT of 25 or higher, MACE occurred in 45 of 319 patients (14.1%) in the 
genotype guided cohort and 499 of 2,606 patients (19.1%) in the standard care cohort (adjHR, 0.85; 95% 
CI, 0.62-1.40; P = 0.31, P-value for interaction = 0.051). Major or non-major clinically relevant bleeding 
occurred in 52 of 319 patients (16.3%) in the genotype guided cohort and 572 of 2,606 patients (21.1%) 
in the standard care cohort (adjHR, 0.80; 95% CI, 0.60-1.07; P = 0.14). 
 In patients with complex PCI, MACE occurred in 13 of 172 patients (7.6%) in the genotype guided 
cohort and 125 of 1,010 patients (12.4%) in the standard care cohort (adjHR, 0.77; 95% CI, 0.43-1.40; P = 
0.39), and major or non-major clinically relevant bleeding occurred in 25 of 172 patients (14.5%) in the 
genotype guided cohort and 178 of 1,010 patients (17.6%) the standard care cohort (adjHR, 0.99; 95% CI, 
0.64-1.53; P = 0.97). 



CHAPTER 13

254

A.

B.

Figure 2. Kaplan-Meier curves for cumulative incidence of (A) the primary ischemic endpoint (cardiovascular 
mortality, myocardial infarction, or stroke), showing similar event rates between the genotype-guided cohort (blue) 
and standard care cohort (red), and (B) the primary bleeding endpoint (BARC 2, 3, or 5 bleeding), illustrating lower 
bleeding rates in the genotype-guided cohort (blue) with increasing divergence over time compared to standard 
care (red).
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Sensitivity analyses
After propensity score matching, 1,207 genotype-guided patients were matched to 3,441 standard 
care patients, with successful matching con!rmed by standardized mean di"erences below 0.10 
(Supplementary Appendix Table 2). Results were consistent with those in the overall cohort 
(Supplementary Appendix Table 3 and Supplementary Figure 2), showing a signi!cant reduction 
in major or non-major clinically relevant bleeding (12.0% in the genotype guided cohort vs. 16.6% in 
the standard care cohort, adjHR, 0.73; 95% CI, 0.61-0.87, P = 0.0006) and comparable event rates for MACE 
(8.9% in the genotype guided cohort vs. 8.6% in the standard care cohort, adjHR, 1.04; 95% CI, 0.83-1.30, 
P = 0.74)
 Sensitivity analyses excluding patients on oral anticoagulants (analysing 1,028 genotype-guided vs. 
7,276 standard care), those not following the recommended P2Y12 inhibitor (analysing 988 genotype-
guided vs 8,699 standard care) and only including patients undergoing PCI (analysing 905 genotype-
guided vs. 5,991 standard care), all showed consistent results (Supplementary Appendix Table 4, 5 
and 6).

DISCUSSION

This study assessed the clinical impact of the implementation of a CYP2C19 genotype-guided de-
escalation strategy in routine practice. At 12 months, among patients admitted with ACS and receiving 
antiplatelet therapy, the genotype-guided approach signi!cantly reduced major and non-major 
clinically relevant bleeding compared to standard care. There was no evidence of an increase in the rate 
of the combined ischemic endpoint, a composite of cardiovascular death, MI, or stroke, between the 
genotype-guided and standard care cohorts. In addition, the genotype-guided approach signi!cantly 
reduced P2Y12 inhibitor treatment alterations and dyspnea-related discontinuations compared to 
standard care, indicating improved adherence and a lower burden of adverse e"ects. These !ndings 
build on our previously published analysis, which evaluated a smaller ACS population lacking power 
to detect clinical di"erences.16 In contrast, the current analysis provides su#cient power to con!rm the 
safety and e"ectiveness of genotype-guided therapy in routine practice.
  The challenge of antiplatelet therapy in patients with ACS lies in achieving an optimal balance 
between e"ective platelet inhibition and the minimization of bleeding risk, without compromising 
protection against ischemic events. Common strategies aiming to achieve this, include shortening the 
duration of DAPT by discontinuing either aspirin or the P2Y12 inhibitor and continuing single antiplatelet 
therapy, or de-escalation, whether guided or unguided.17 In genotype-guided de-escalation, genetic 
testing is used to identify a patient’s CYP2C19 metabolizer status, allowing clinicians to safely switch 
normal metabolizers from a more potent P2Y12 inhibitor, such as ticagrelor or prasugrel, to clopidogrel. 
However, determining the optimal approach between a genotype-guided de-escalation strategy and 
P2Y12 monotherapy following a short period of DAPT is challenging, as no direct comparisons have 
been made in clinical trials. The current ESC ACS guidelines provide a Class IIb, Level of Evidence A 
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recommendation for P2Y12 receptor inhibitor de-escalation as an alternative strategy to reduce bleeding 
risk.2 However, speci!c recommendations whether de-escalation should be guided or unguided are 
lacking. Interestingly, the guidelines advise against de-escalation of antiplatelet therapy within the !rst 
30 days after an ACS event but do not cite supporting studies for this recommendation. While very 
early discontinuation of DAPT (within thirty days after ACS or PCI) has been linked to increased ischemic 
outcomes, none of the early de-escalation strategies, whether guided or unguided, have demonstrated 
such risks to date.9,18–20 Our !ndings align with those of the POPular Genetics trial, highlighting the 
safety of early de-escalation (preferably within <48 hours) upon admission, demonstrating no observed 
increase in ischemic events in the genotype-guided cohort. Additionally, Kaplan-Meier curve analysis 
of our trial reveals no elevated risk during the !rst 30 days of follow-up. While subgroup analyses 
consistently showed a reduction in bleeding across all subgroups, the borderline non-signi!cant P-value 
for interaction suggests a potential modi!cation of the treatment e"ect by HBR status. However, MACE 
event rates were similar in non-HBR patients (7.0% vs. 6.5%), with con!dence intervals crossing one. 
Notably, the non-HBR subgroup included a large number of patients (888 in the genotype-guided 
cohort vs. 6,093 in the standard care cohort), underscoring the statistical power to detect meaningful 
di"erences. Based on these results, we conclude that a genotype-guided de-escalation strategy during 
initial hospital admission is safe for all patients.

While this study represents the largest real-world implementation of a CYP2C19-guided de-escalation 
strategy, other large-scale initiatives have successfully integrated CYP2C19 genotype-guided antiplatelet 
therapy into clinical practice. These initiatives often employ escalation strategies, where clopidogrel 
is used by default, and patients with CYP2C19 LOF alleles are escalated to ticagrelor or prasugrel. For 
example, a study by the IGNITE Network, which included an cohort of 3,342 patients across nine 
United States centres, reported an increased risk for adverse cardiovascular events—including death, 
MI, ischemic stroke, stent thrombosis, or hospitalization for unstable angina—with clopidogrel in 
patients carrying a LOF allele.21 Importantly, no di"erence in cardiovascular risk was observed between 
clopidogrel and alternative therapies in patients without a LOF allele, aligning with the results from our 
study and that of the POPular Genetics.22 This data from the IGNITE network demonstrate that escalation 
strategies can improve ischemic outcomes without increasing bleeding events, in line with the results 
of the TAILOR-PCI trial.23 Although some regard TAILOR-PCI as a negative study, it provided compelling 
evidence that escalation strategies can optimize patient outcomes, particularly during the !rst months 
post-PCI.23,24 Additionally, a pre-speci!ed analysis of cumulative ischemic events further supports the 
bene!ts of this strategy.25

 While escalation strategies may reduce ischemic events, their cost-e"ectiveness is limited, as the 
default choice, clopidogrel, is signi!cantly more a"ordable than ticagrelor. In contrast, the cost-saving 
potential of a de-escalation strategy is more substantial, as instead of treating every patient with ticagrelor/
prasugrel as the default, around 70% can be de-escalated to the cheaper clopidogrel.8,26 Nonetheless, 
the broader implementation of this strategy still faces notable challenges. Currently, hospitals bear 
the cost of genetic testing, while insurers bene!t from reduced medication expenses. This imbalance 
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limits adoption, as hospitals are unlikely to fund testing independently. National reimbursement of 
genetic testing could address this issue, enabling broader implementation and amplifying the cost-
saving potential through economies of scale. Further integration requires addressing logistical barriers 
such as accessibility and turnaround time. Collaborative e!orts between researchers, clinicians, and 
policymakers are critical to ensure equitable access.

A key challenge in optimizing antiplatelet therapy is that variability in response to clopidogrel extends 
beyond genetic factors. The ABCD-GENE score, which incorporates age, BMI, diabetes, kidney function, 
and CYP2C19 genotype, provides a comprehensive tool for stratifying patients at risk for high platelet 
reactivity (HPR) and adverse ischemic outcomes.27 Patients with an ABCD-GENE score ≥10 showed 
trends toward improved outcomes with alternative P2Y12 inhibitors compared to clopidogrel, 
particularly among carriers of CYP2C19 LOF alleles.28 This highlights the necessity for tailored approaches, 
balancing patient-speci#c ischemic and bleeding risks. Integrating genetic results within the broader 
clinical context, including procedural complexity and patient comorbidities, will enhance the precision 
of antiplatelet therapy strategies.

A key strength of our study is the demonstration of comparable outcomes for both ischemic and bleeding 
events to those observed in the POPular Genetics trial. The hazard ratios for BARC 2, 3, or 5 bleeding 
closely align with our adjusted and unadjusted models. Notably, the sensitivity analysis in PCI patients 
only con#rmed consistent bleeding reduction, reinforcing the e$cacy of a genotype-guided strategy in 
ACS patients undergoing PCI. Furthermore, our #ndings underscore the importance of implementation 
studies, as randomized trial populations are typically younger and at lower risk. Our study enrolled an 
older population (66 vs. 62 years) with higher mortality (5.5% vs. 1.5%), better re%ecting real-world 
conditions.  Our results further demonstrate that de-escalation is safe and e!ective in a broad 
ACS population, unlike the POPular Genetics trial, which focused solely on STEMI patients. An important 
observation is that approximately 29% of patients in the standard care group received clopidogrel, 
nearly half of whom were also treated with oral anticoagulation, compared with only 7% in the POPular 
Genetics trial. This high clopidogrel use would theoretically attenuate bleeding di!erences between 
groups, yet we still observed a bleeding reduction comparable to that seen in POPular Genetics. This 
#nding likely re%ects the inherent limitations of the observational study design but also supports the 
robustness of the bleeding bene#t associated with genotype-guided de-escalation.

Limitations
We recognize several limitations of our study. Our study’s real-world design allowed physicians to decide 
whether to follow genotype recommendations, introducing variability in adherence to the strategy. 
Also, due to the non-randomized nature of the study, this resulted in baseline di!erences between both 
cohorts that could potentially confound the results. While adjustment methods, including propensity 
score matching, successfully balanced both cohorts, residual confounding related to the selection 
of antiplatelet therapy cannot be entirely ruled out. The observed di!erences in hazard ratios before 
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and after adjustment indicate that part of the observed association was in!uenced by confounding. 
However, after adjusting for confounders, our primary "ndings remained consistent. While the strategy 
is implemented in multiple hospitals, the majority of most patients in the genotype guided group 
were enrolled in one site. Patients in the other sites were more often later de-escalated due to o#site 
genotyping. While most patients still were de-escalated within three weeks, it may have a#ected 
ischemic and bleeding outcomes during this period. Nevertheless, it is unlikely that this has a#ected the 
overall results of the study since o#site genotyping was only used in a minority of the patients. Lastly, a 
considerable proportion of patients were treated with oral anticoagulation, re!ecting the broader ACS 
population. Although triple therapy use was higher in the standard care cohort, potentially in!uencing 
bleeding risk, we adjusted for this in our models. Moreover, sensitivity analyses excluding patients on 
oral anticoagulation con"rmed consistent results.

CONCLUSION

In conclusion, in patients with ACS receiving antiplatelet therapy, implementing of a CYP2C19 genotype-
guided de-escalation strategy in clinical practice signi"cantly reduced major and non-major clinically 
relevant bleeding compared to standard care at 12 months, without an increase in ischemic events, 
including cardiovascular death, MI, or stroke.
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GENERAL DISCUSSION

Antithrombotic therapy is a rapidly evolving !eld, continuously shaped by emerging evidence and shifting 
paradigms. In the 1980s, aspirin became the cornerstone of treatment for acute coronary syndrome 
(ACS), and by the mid-1990s, the addition of a P2Y12-receptor inhibitor marked the beginning of the 
dual antiplatelet therapy (DAPT) era.1,2 The safer alternative clopidogrel, introduced shortly thereafter, 
became widely adopted and was incorporated into the guidelines nearly a decade later. In 2010, the U.S. 
Food and Drug Administration (FDA) issued a black box warning on clopidogrel, cautioning that patients 
carrying a CYP2C19 *2 or *3 loss-of-function allele may not derive full therapeutic bene!t.3 Despite this 
warning, and the growing body of evidence linking impaired metabolism to adverse cardiovascular 
outcomes, clopidogrel remained on the most widely prescribed P2Y12-receptor inhibitors, with routine 
genetic testing rarely implemented in clinical practice. This misalignment underscores the persistence 
of a “one-size-!ts-all” approach, overlooking the fact that clopidogrel—a prodrug requiring CYP2C19-
mediated activation—may be signi!cantly less e"ective in certain individuals.
 Today, DAPT with aspirin and a potent P2Y12-receptor inhibitor (ticagrelor or prasugrel) remains 
the standard of care for ACS patients undergoing percutaneous coronary intervention (PCI). However, 
this standardized strategy overlooks important interpatient variability—di"erences in genetic pro!le, 
comorbidities, procedural characteristics, and bleeding risk—that can signi!cantly a"ect treatment 
response. Growing evidence suggests that personalizing antithrombotic therapy may o"er improved 
clinical outcomes by optimizing the balance between ischemic protection and bleeding risk.4,5 This 
thesis addresses the challenges of optimizing antithrombotic strategies through a three-part approach: 
!rst, by establishing the rationale for personalized antithrombotic therapy and reviewing current 
evidence and strategies (Part I); second, by evaluating the clinical impact of genetic polymorphisms on 
cardiovascular outcomes and treatment response using data from multiple large-scale clinical trials as 
well as smaller, mechanistic studies involving laboratory-based testing (Part II); and third, by examining 
the real-world implementation, clinical e"ectiveness, and cost-e#ciency of a genotype-guided de-
escalation strategy in patients with ACS (Part III).

Part I outlines the current landscape of personalized antiplatelet therapy, introducing the key concepts 
underlying the personalization of antithrombotic treatment. Chapter 2 explores the current state of 
personalized antithrombotic therapy by weighing the advantages and limitations of genotype-guided 
strategies and approaches that assess interindividual variability in treatment response. It provides an 
overview of available monitoring methods, including coagulation assays and platelet function tests, 
aimed at identifying patients with high on-treatment platelet reactivity. Although these tools o"er 
valuable insights, their routine clinical use remains limited, likely re$ecting the lack of robust clinical 
evidence for improved outcomes.6 The chapter emphasizes that personalization can be particularly 
bene!cial in selected clinical scenarios—such as escalation in patients at high thrombotic risk (e.g. left 
main stenting, complex PCI, prior stent thrombosis), or de-escalation in those with elevated bleeding 
risk. As evidence supporting platelet function and genotype-guided strategies continues to grow, and 
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point-of-care assays become more accessible, personalized antithrombotic therapy may eventually 
evolve from an experimental concept to a standard component of care in patients undergoing PCI. 
 Chapter 3 provides a more detailed overview of genotype-guided antiplatelet therapy, 
emphasizing how genetic variation contributes to interindividual di!erences in treatment response. 
The review focuses primarily on CYP2C19 polymorphisms, which signi"cantly a!ect the metabolism and 
e#cacy of clopidogrel. In patients carrying a loss-of-function allele, an escalation strategy—substituting 
clopidogrel with a more potent agent—may reduce the risk of recurrent ischemic events. This approach 
was evaluated in the TAILOR-PCI trial, which suggested a potential clinical bene"t of genotype-guided 
escalation, though it did not reach statistical signi"cance, partly due to lower-than-expected event 
rates.7 Conversely, in patients treated with ticagrelor or prasugrel, a de-escalation strategy based on 
genotype can help minimize bleeding risk without compromising e#cacy. The POPular Genetics trial 
demonstrated that such a genotype-guided de-escalation approach safely reduced bleeding events 
while enabling broader use of the less costly clopidogrel.8 Although these personalized strategies 
show promise in optimizing the balance between ischemic protection and bleeding risk, widespread 
implementation remains limited due to logistical and economic barriers. However, with ongoing 
technological progress and increasing clinical evidence, broader uptake of genotype-guided therapy 
may soon become feasible in routine practice.  
 Building on this, Chapter 4 discusses the potential bene"ts and limitations of genotype-guided 
antithrombotic therapy speci"cally in elderly patients with ACS, a population that poses unique clinical 
challenges due to increased bleeding risk and often under-treatment. While earlier analyses suggest 
clopidogrel may be a safe alternative to ticagrelor in elderly non-carriers of CYP2C19 loss-of-function 
alleles, the evidence remains limited and underpowered to draw "rm conclusions.9 As such, although 
genotyping may support treatment de-escalation in select elderly patients, further dedicated studies 
are needed before clear clinical recommendations can be made for this vulnerable group.
 Part II presents studies evaluating the impact of di!erent genetic polymorphisms on clinical 
outcomes in patients with ACS. In Chapter 5, the clinical relevance of CYP2C9 loss-of-function 
polymorphisms in patients with ACS treated with clopidogrel is examined. Using combined data from 
the POPular Genetics and POPular AGE trials, the study compared thrombotic and bleeding outcomes 
in carriers versus non-carriers of CYP2C9*2 or *3 alleles.8,10 The results showed no signi"cant di!erences 
in clinical outcomes between the groups, suggesting that CYP2C9 genotype does not meaningfully 
a!ect the e#cacy or safety of clopidogrel in this context. Given the small number of poor metabolizers, 
no conclusions could be drawn for homozygous carriers, but the overall "ndings do not support routine 
CYP2C9 testing in guiding antiplatelet therapy.
 Chapter 6 investigates whether genetic variants in CYP3A4 and CYP3A5 a!ect clinical outcomes in 
STEMI patients treated with ticagrelor. Using data from the POPular Genetics trial, the study analysed the 
association of CYP3A4*22 and CYP3A5 expressor status with thrombotic events, bleeding complications, 
and ticagrelor-related dyspnoea. No statistically signi"cant di!erences were observed between genotype 
groups for thrombotic or bleeding endpoints, nor for the occurrence of dyspnoea. These "ndings 
suggest that, unlike CYP2C19 in clopidogrel-treated patients, CYP3A4 and CYP3A5 polymorphisms do not 
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appear to have a clinically relevant impact on the e!cacy or safety of ticagrelor. While pharmacogenetic 
testing has shown value in guiding clopidogrel use, its role in patients treated with ticagrelor remains 
limited based on current evidence.
 Shifting focus to treatment strategy, Chapter 7 presents an individual patient data meta-analysis 
evaluating the e!cacy and safety of de-escalation of dual antiplatelet therapy (DAPT) in patients with 
ACS undergoing PCI. The analysis pooled data from four major randomized controlled trials—including 
TROPICAL-ACS, POPular Genetics, HOST-REDUCE-POLYTECH-ACS, and TALOS-AMI—comprising over 
10,000 patients.8,11–13 De-escalation strategies, which involved switching from a potent P2Y12-receptor 
inhibitor to a less potent agent, were associated with a signi"cant reduction in both ischemic events 
(2.3% vs. 3.0%) and bleeding events (6.5% vs. 9.1%) at one year compared to standard DAPT. While 
major bleeding and all-cause mortality did not di#er signi"cantly, the overall safety pro"le favoured de-
escalation. Interestingly, unguided de-escalation was more e#ective in reducing bleeding than guided 
strategies, with no compromise in ischemic protection. These "ndings support de-escalation as a safe 
and e#ective approach for balancing bleeding and thrombotic risk in ACS patients post-PCI.
 Continuing the exploration of genotype-guided strategies, Chapter 8 presents an individual 
participant data meta-analysis comparing CYP2C19-guided antiplatelet therapy to conventional 
treatment in ACS patients undergoing PCI. Drawing on data from two large randomized trials (TAILOR-
PCI and POPular Genetics), the study included over 6,700 patients to evaluate the e#ects of genotype-
guided escalation and de-escalation on clinical outcomes.7,8 While overall MACE and bleeding rates were 
not signi"cantly di#erent between guided and conventional groups, genotype-guided therapy reduced 
myocardial infarction and net adverse cardiovascular events (NACE). Importantly, guided de-escalation 
signi"cantly reduced bleeding and NACE without compromising ischemic protection, particularly in the 
early post-PCI period. In contrast, guided escalation showed no added bene"t compared to standard 
care. These "ndings highlight the potential clinical value of genotype-guided de-escalation as a safer 
and more e#ective strategy in selected patients.
 Shifting to a precision-medicine approach in complex patient populations, Chapter 9 examines 
platelet reactivity in patients undergoing PCI who are treated with a novel oral anticoagulant (NOAC) 
and have a high ABCD-GENE score, indicating impaired clopidogrel response.14 In this randomized 
pharmacodynamic study (SWAP-AC-2), patients with a ABCD-GENE score $10 were allocated to 
clopidogrel- or low-dose ticagrelor-based dual antithrombotic therapy (DAT). Low-dose ticagrelor 
signi"cantly reduced platelet reactivity at both trough and peak levels compared to clopidogrel, as 
measured by multiple platelet function assays. These e#ects were observed without major changes in 
other thrombotic pathways. The study suggests that ticagrelor may o#er superior platelet inhibition in 
NOAC-treated patients with high genetic risk, although clinical outcomes were not assessed. Further 
randomized trials are warranted to determine whether tailoring DAT using the ABCD-GENE score 
improves outcomes in this complex and high-risk group.

The previous chapters collectively demonstrate the potential of pharmacogenetic insights and de-
escalation strategies to re"ne antiplatelet therapy and improve patient outcomes across diverse 
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clinical contexts. While these data provide a strong rationale for personalized treatment, translating 
such strategies into daily practice remains a key challenge. Part III of this thesis focuses on the real-
world implementation of genotype-guided antiplatelet therapy by examining its clinical e!ectiveness, 
feasibility, and economic implications in contemporary ACS care.

Chapter 10 evaluates the real-world feasibility of implementing CYP2C19 genotype-guided P2Y12 
inhibitor de-escalation. Among 738 genotyped patients treated with ticagrelor, over 80% were eligible 
for de-escalation to clopidogrel, which was carried out rapidly—often within 24 hours—particularly 
when point-of-care (POC) testing was used. POC genotyping signi"cantly reduced turnaround time 
compared to lab-based methods and facilitated earlier treatment adaptation. Importantly, physicians 
showed high adherence to genotype results, and the strategy resulted in substantial medication cost 
savings. These "ndings demonstrate that early genotype-guided de-escalation is operationally feasible 
and economically favourable, o!ering a viable strategy for routine clinical use.
 Extending these "ndings, Chapter 11 compares clinical outcomes of genotype-guided de-
escalation with standard DAPT in a real-world cohort from the FORCE-ACS registry.15 Among 5,321 ACS 
patients, those undergoing genotyping and de-escalation (N = 406) experienced signi"cantly lower 
bleeding rates than the standard therapy group, without an increase in ischemic events. While the 
study was not powered to con"rm non-inferiority for thrombotic outcomes, it supports the safety and 
potential bene"t of genotype-guided therapy in clinical practice. These results align with previous trial 
data and con"rm the feasibility of this approach in a broad ACS population, laying the groundwork for 
future large-scale implementation.
 Building on the clinical "ndings, Chapter 12 assesses the cost-e!ectiveness of a genotype-guided 
de-escalation strategy compared to standard DAPT from the perspective of the Dutch healthcare system. 
Using a two-part decision-analytic model to simulate lifelong costs and e!ects, the analysis showed 
that genotype-guided therapy not only improved quality-adjusted life years but also reduced lifetime 
healthcare costs. The strategy remained cost-e!ective under a wide range of sensitivity scenarios, 
including when drug prices were equalized. These results reinforce the economic and clinical value of 
personalized antiplatelet therapy and strengthen the case for its broader adoption in ACS care. 
 Chapter 13 presents the results of a large, prospective, multicentre implementation study 
evaluating the clinical safety and e!ectiveness of routine CYP2C19 genotype-guided antiplatelet therapy 
in patients with ACS. Among nearly 10,000 patients, those in the genotype-guided cohort experienced 
signi"cantly fewer major or clinically relevant bleeding events at one year compared to standard care, 
while rates of MACE were similar between groups. The "ndings con"rm that genotype-guided de-
escalation—switching non-carriers of CYP2C19 loss-of-function alleles from potent P2Y12-receptor 
inhibitors to clopidogrel—is not only safe but also clinically bene"cial in reducing bleeding risk. These 
results provide compelling real-world evidence that personalized antiplatelet therapy can be e!ectively 
and safely implemented in routine ACS care.
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FUTURE PERSPECTIVE

Achieving widespread implementation of innovative antithrombotic strategies is essential for improving 
future patient outcomes. The !eld of antithrombotic therapy for coronary artery disease is expansive 
and critically signi!cant, given the substantial number of patients requiring treatment. This prevalence 
drives extensive research, as summarized in Table 1. A limitation of existing and ongoing studies is 
that most new strategies are typically compared to the standard DAPT within di"erent populations, 
making it di#cult to directly compare the di"erent strategies with one another. This complexity presents 
challenges for cardiologists attempting to navigate the multitude of new approaches and for guideline 
developers striving to establish clear recommendations. Consequently, the general adoption of novel 
strategies remains low, often hindered by variations in healthcare systems, resource availability, and 
reimbursement policies across countries. Despite these di"erences, all strategies share a common goal: 
improving antithrombotic therapy by optimizing the balance between ischemic and bleeding risk. Most 
strategies can be divided into two groups: de-escalation or shorter DAPT duration strategies. The most 
optimal treatment may ultimately combine elements of both.
 There is broad consensus that using potent DAPT for 12 months should no longer be the default 
strategy.16 Interestingly, despite this agreement, many hospitals still adhere to a 12-month duration. This 
is notable as the landmark trials that informed our understanding of DAPT primarily investigated its 
composition, not its duration.17–19 Nonetheless, previous guidelines adopted 12 months as the standard 
timeframe. An approach that still continues today, as re$ected by the current ESC guideline, which assigns 
a Class I recommendation to 12 months of DAPT following ACS.20 While a 12-month duration may appear 
convenient and logical, it is not necessarily optimal for all patients. Numerous studies consistently show 
that shorter durations of DAPT or de-escalation to less potent strategies reduce bleeding risks without 
sacri!cing ischemic protection.21–23 While cumulative evidence supports reducing DAPT duration, 
it is important to consider that most randomized controlled trials have been conducted in selected 
populations, often including lower-risk patients compared to routine clinical practice. Moreover, some 
studies have shown that prolonged DAPT can provide additional protection in higher-risk subgroups.24,25 
These !ndings emphasize that the key to optimizing DAPT lies not in a uniform strategy, but in tailoring 
therapy to the individual. Personalization involves two critical components: (i) identifying patients who 
are most likely to bene!t from a speci!c DAPT duration and (ii) selecting the most appropriate P2Y12-
receptor inhibitor based on individual risk pro!les.
 Patient selection involves distinguishing between those at high bleeding risk (HBR) and those at high 
ischemic risk without HBR. Patients with HBR derive greater bene!t from a less intensive antithrombotic 
approach. Robust evidence supports the safety of an abbreviated 1–3-month course of DAPT followed 
by P2Y12-receptor inhibitor monotherapy, signi!cantly reducing bleeding risk.26,27 Conversely, prolonged 
DAPT (%12 months) is most bene!cial for patients at high ischemic risk (e.g., those undergoing complex 
PCI) who do not exhibit features of HBR.24 The selection of the optimal P2Y12-receptor inhibitor can 
be further re!ned using genetic or platelet function testing, as explained in Chapter 2, allowing for a 
more tailored approach to antiplatelet therapy. Among these strategies, genetic testing appears most 
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promising based on clinical research and the !ndings presented in this thesis. As shown in Chapter 10, 
a genotype-guided de-escalation strategy was feasible, with rapid implementation and high physician 
adherence to genotype results. Additionally, Chapter 11 and Chapter 13 showed that this strategy was 
associated with a reduction in bleeding events without increasing ischemic events, with Chapter 12 
providing complementary evidence of its cost-e"ectiveness.

In the Netherlands, all antithrombotic drugs are reimbursed, which creates a favourable environment for 
cost-e"ective strategies such as genotype-guided de-escalation strategy. Despite evidence supporting 
the bene!t of the genetic testing in this context, implementation is not straightforward. Regional 
initiatives require adjustments to the Diagnosis Treatment Combination (“DBC” in Dutch) system, which 
is subject to strict maximum capping. This limitation makes it challenging to increase the DBC rates, 
creating a signi!cant barrier to broader adoption of innovative strategies.
 A speci!c challenge within this case lies in the distribution of costs and bene!ts. The cost of 
genetic testing, in the context of the antiplatelet de-escalation strategy, is borne by hospitals, speci!cally 
the cardiology departments or the central labs, while the primary savings, a reduction in medication 
costs, solely bene!t the health insurers. This misalignment limits the further implementation of these 
strategies, as hospitals are unlikely to fund testing independently. National reimbursement of genetic 
tests would resolve this issue and bene!t insurers by enabling broader implementation of these cost-
saving strategies. Moreover, a nationwide approach would actually amplify these bene!ts, as scalability 
of genetic testing could drive e#ciency, reducing testing costs over time, increasing overall savings for 
insurers.
 E"orts are already undertaken to engage with insurers, leveraging the !ndings presented in 
this thesis and future study results to advocate for national reimbursement of genetic tests. Such a 
development would facilitate widespread implementation of genotype-guided de-escalation strategies, 
ultimately advancing patient care and optimizing resource allocation.
 Additionally, e"orts should be made to streamline the implementation of genetic testing within 
healthcare systems. This includes addressing logistical barriers, such as cost, turnaround time, and 
accessibility, as well as educating healthcare providers on the interpretation and application of genetic 
data. For example, not every hospital needs to have an on-site point-of-care testing system. Depending 
on resources and patient volume, hospitals could collaborate with o"-site genetic testing laboratories. 
Although the turnaround time may be longer, patients could still be de-escalated at their next visit, 
preferably within one month, which would maintain bene!ts in terms of reducing bleeding risks and 
improving cost-e"ectiveness. Collaboration between researchers, clinicians, and policymakers will be 
essential to overcome these challenges and ensure equitable access to genotype-guided therapies.

In the broader context, exploring the role of pharmacogenomics beyond antiplatelet therapy could 
open new opportunities for personalized medicine in cardiovascular care. For example, genetic testing 
may guide the use of other medications commonly prescribed for CAD, such as beta-blockers or lipid-
lowering agents. As brie$y covered in Chapter 3, recent years have provided convincing evidence 
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supporting the bene!ts of pharmacogenetic panel testing. The results of the PREPARE (PREemptive 
Pharmacogenomic testing for preventing Adverse drug Reactions) study implemented a 12-gene 
pharmacogenetic panel (including CYP2C19) combined with guideline recommendations across 
seven European countries, including 6,944 patients who initiated treatment with one of 39 drugs with 
established pharmacogenetic recommendations.28 Genotype-guided prescribing reduced clinically 
relevant adverse drug reactions from 29% in the usual care group to 21% in the genotype-guided group 
(OR 0.70 [95% CI 0.61–0.79]; p < 0.0001). These results highlight the feasibility and clinical impact of panel 
testing across diverse healthcare systems.
 Studies have repeatedly shown that 95–99% of the population carries one or more genetic 
variants requiring adjustments in drug choice or dosage, reinforcing the need for broader genetic 
testing.29,30 Combined with advances in genetic testing platforms that can analyse millions of markers 
simultaneously, these developments make a compelling case for transitioning from single-gene testing 
to a panel-based approach. The integration of digital health tools, such as electronic decision support 
systems, could streamline the incorporation of genetic information into clinical decision-making.
 Taken together, these !ndings advocate for a wider use of pharmacogenetic testing in the future, 
transitioning from single-gene to panel-based pharmacogenetic testing. However, key questions remain 
regarding which patient groups derive the greatest bene!t and the overall cost-e"ectiveness of such an 
approach, warranting further investigation.

While the genotype de-escalation strategy primarily targets ACS patients, genetic testing also holds 
signi!cant potential for chronic coronary syndrome (CCS) patients, a group in which genetic strategies 
remain underexplored. The ongoing Pharmacodynamic Outcomes in CCS Patients Treated With an 
Individualized Treatment Strategy (POPular STRATEGY PD, NCT05773989), initiated at St. Antonius 
Hospital, aims to optimize antithrombotic therapy in patients following elective PCI. This trial compares 
a genotype-guided P2Y12 monotherapy strategy (clopidogrel for noncarriers and ticagrelor or prasugrel 
for carriers) with standard DAPT, seeking to reduce bleeding risk and pill burden while maintaining 
therapeutic e#cacy.
 Another important area for exploration is the impact of genotype-guided therapy on patient-
reported outcomes measures, such as quality of life and treatment satisfaction. Including these metrics 
in future studies will o"er a more comprehensive understanding of the bene!ts and challenges 
associated with personalized treatment approaches. This is currently being investigated using data from 
the FORCE-ACS Registry, as part of a recently funded ZonMw initiative (Project ID: 10140312310016, 
Personalized Dual Antiplatelet Therapy and its Impact on Quality of Life in the FORCE-ACS Registry), 
and aims to enhance understanding of how personalized treatment a"ects patient-reported outcome 
measures (PROMs).

In conclusion, the future of antithrombotic therapy lies in personalization, using patient-speci!c 
characteristics, such as genetics, to tailor treatment strategies with the aim of improving patient 
outcomes, minimizing adverse events, and optimizing cost-e"ectiveness. We are already moving away 
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from a one-size-!ts-all approach, and through continued collaboration across stakeholders, investment 
in innovations, and a commitment to equitable healthcare delivery, the widespread implementation of 
personalized antiplatelet therapy can ultimately be realized.

Table 1. Ongoing studies investigating di"erent DAPT strategies

Trial acronym NCT number Intervention Control
ADEN NCT05577988 Single APT with aspirin in LOF carriers; 

Single APT with clopidogrel 75mg od in 
noncarriers

Single APT with ticagrelor 
90mg bid or prasugrel 
10mg od

Dan-DAPT NCT05262803 Standard arm: DAPT with ticagrelor 90mg 
bid/prasugrel 10mg od in LOF carriers, 
clopidogrel 75mg od in noncarriers (6 
months); Short arm: DAPT with ticagrelor 
90mg bid/prasugrel 10mg od in LOF 
carriers, clopidogrel 75mg od (3 months)

DAPT with prasugrel 10mg 
od /ticagrelor 90mg bid (6 
months)

GUARANTEE NCT03783351 DAPT with ticagrelor 90mg bid in 
LOF carriers, clopidogrel 75mg od in 
noncarriers

DAPT with clopidogrel 
75mg od or ticagrelor 
90mg bid based on clinical 
presentation

TARGET SAFE NCT03287167 1-month DAPT followed by aspirin 
monotherapy (HBR patients)

6-month DAPT

TAILOR-DAPT NCT03848572 Customization of DAPT duration based on 
PRECISE-DAPT score

SMART-CHOICE 4 NCT05066789 Prasugrel monotherapy after 1-month 
DAPT

12-month DAPT

LEGACY NCT05125276 Monotherapy with potent P2Y12 inhibitor 
after PCI

12-month DAPT

PREMIUM NCT05709626 Monotherapy with potent P2Y12 inhibitor 
after PCI

12-month DAPT

TARGET FIRST NCT04753749 1-month DAPT followed by P2Y12 
monotherapy

12-month DAPT

ULTIMATE-DAPT NCT03971500 DAPT for 1 month, followed by 11 months 
of placebo + target vessel failure

12-month DAPT

CAGEFREE II NCT04731156 1-month DAPT followed by ticagrelor 
monotherapy for 5 months

12-month DAPT
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NEDERLANDSE SAMENVATTING

Coronaire hartziekten vormen een grote uitdaging voor de volksgezondheid. Jaarlijks worden in 
Nederland ruim 60.000 patiënten opgenomen met een hartinfarct, ook wel bekend als een acuut 
coronair syndroom (ACS). Hiervan ondergaan circa 40.000 patiënten een percutane coronaire interventie 
(PCI) ondergaan. ACS ontstaat meestal door het scheuren of eroderen van een atherosclerotische 
plaque in de kransslagaders. Dit kan leiden tot de vorming van een stolsel dat de bloedstroom blokkeert, 
waardoor de hartspier een zuurstoftekort krijgt. Wanneer de onderliggende vaatwand (subendotheliale 
matrix) bloot komt te liggen, worden bloedplaatjes en de stollingscascade geactiveerd. De geactiveerde 
bloedplaatjes geven signaalsto!en (agonisten) af, zoals ADP en tromboxaan A2, die de stolling verder 
stimuleren. Dit versterkt de aggregatie en resulteert in een stabiel stolsel. In tegenstelling tot stolsels 
bij diepveneuze trombose of longembolieën, die voornamelijk uit #brine bestaan, zijn stolsels bij ACS 
rijk aan bloedplaatjes. Dit benadrukt de centrale rol van plaatjes in de pathofysiologie van ACS en het 
belang van e!ectieve plaatjesremming ter preventie van recidiverende ischemische events.
 De standaardbehandeling bestaat uit duale antiplaatjestherapie (DAPT) met aspirine en een P2Y12-
remmer. Aspirine remt de thromboxaan A2-gemedieerde aggregatie, terwijl P2Y12-remmers de ADP-
gemedieerde activatie tegengaan. Binnen de huidige richtlijnen wordt voor patiënten met ACS die een 
PCI ondergaan DAPT met aspirine en een krachtige P2Y12-remmer (ticagrelor of prasugrel) aanbevolen. 
Deze uniforme benadering houdt echter onvoldoende rekening met individuele verschillen, zoals 
genetisch pro#el, comorbiditeit, procedurele kenmerken en het bloedingsrisico. Toenemend bewijs 
wijst erop dat een meer gepersonaliseerde aanpak van antitrombotische therapie kan leiden tot betere 
klinische uitkomsten door ischemische bescherming en bloedingsrisico beter in balans te brengen.

Dit proefschrift richt zich op het optimaliseren van antitrombotische strategieën via een drieluik: (deel 
1) het onderbouwen van de noodzaak voor gepersonaliseerde therapie en het samenvatten van 
huidige strategieën, (deel 2) het onderzoeken van de klinische impact van genetische variaties op 
cardiovasculaire uitkomsten en behandelingse!ect, aan de hand van zowel grote klinische studies als 
kleinschalige laboratoriumonderzoeken, en (deel 3) het bestuderen van de implementatie in de praktijk, 
de e!ectiviteit en de kostene$ciëntie van een genotype-geleide de-escalatiestrategie bij patiënten met 
ACS (deel III).

Deel I geeft een overzicht van de huidige stand van zaken rond gepersonaliseerde antiplaatjestherapie en 
bespreekt de belangrijkste uitgangspunten voor het personaliseren van antitrombotische behandeling. 
Hoofdstuk 2 beschrijft de huidige stand van zaken en weegt de voor- en nadelen van genotype-
geleide strategieën af, evenals methoden die de interindividuele variatie in behandelrespons in kaart 
brengen. Er wordt een overzicht gegeven van beschikbare technieken, waaronder stollingstesten en 
plaatjesfunctietesten, gericht op het identi#ceren van patiënten met hoge plaatjesreactiviteit. Hoewel 
deze testen waardevolle informatie kunnen bieden, is hun routinematige klinische toepassing beperkt, 
waarschijnlijk vanwege een gebrek aan robuust klinisch bewijs voor verbetering van uitkomsten. 
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Personalisatie kan echter bijzonder nuttig zijn in geselecteerde situaties, zoals escalatie bij hoog 
tromboserisico of de-escalatie bij verhoogd bloedingsrisico. Naarmate het bewijs en de beschikbaarheid 
van point-of-care testen toenemen, kan gepersonaliseerde therapie evolueren van experimenteel 
concept naar standaardzorg.
 Hoofdstuk 3 biedt een gedetailleerd overzicht van genotype-geleide antiplaatjes therapie, met 
de nadruk op de rol van genetische variatie, met name CYP2C19-polymor!smen, op de metabolisering 
en e"ectiviteit van clopidogrel. Bij dragers van een zogenoemd loss-of-function-allel (een genetische 
variant die leidt tot een verminderde werking van het betrokken enzym) kan escalatie naar een 
krachtiger middel het risico op ischemische events verminderen. Deze benadering werd onderzocht in 
de TAILOR-PCI-studie, die een mogelijk klinisch voordeel liet zien, maar zonder statistische signi!cantie. 
Daarentegen kan genotype-geleide de-escalatie bij patiënten behandeld met ticagrelor of prasugrel 
het bloedingsrisico verlagen zonder verlies van e"ectiviteit. Onder de-escalatie wordt verstaan dat 
patiënten die aanvankelijk met een krachtig middel zoals ticagrelor worden behandeld, op basis van 
hun genetisch pro!el veilig kunnen overstappen naar een minder krachtig middel zoals clopidogrel. De 
POPular Genetics-studie liet zien dat deze aanpak bloedingen reduceert en de inzet van het goedkopere 
clopidogrel mogelijk maakt bij 60% van de patiënten. Hoewel deze strategieën veelbelovend zijn, 
worden ze nog beperkt toegepast vanwege logistieke en economische barrières. Technologische 
vooruitgang en toenemend bewijs kunnen bredere implementatie echter binnen handbereik brengen.
 Hoofdstuk 4 bespreekt de toepassing van genotype-geleide therapie bij ouderen met ACS, een 
kwetsbare populatie met een verhoogd bloedingsrisico en vaak onderbehandeling. Eerdere analyses 
suggereren dat clopidogrel veilig kan zijn bij oudere patiënten zonder CYP2C19-loss-of-function allel, 
maar de beschikbare data zijn beperkt, wat verdere studies noodzakelijk maakt.

Deel II presenteert studies waarin het e"ect van verschillende genetische polymor!smen op klinische 
uitkomsten bij patiënten met ACS wordt onderzocht. In Hoofdstuk 5 wordt de klinische relevantie 
onderzocht van CYP2C9-loss-of-function-polymor!smen bij patiënten met ACS die met clopidogrel 
worden behandeld. Op basis van gegevens uit de POPular Genetics- en POPular AGE-studies werden 
trombotische en bloedingsuitkomsten vergeleken tussen dragers en niet-dragers van het CYP2C9 
*2- of *3-allel. Er werd geen signi!cant verschil gevonden in klinische uitkomsten, wat suggereert dat 
CYP2C9-genotypering geen zinvolle meerwaarde biedt bij het begeleiden van antiplaatjes therapie 
met clopidogrel. Vanwege het lage aantal homozygote slechte metaboliseerders konden voor deze 
subgroep geen harde conclusies worden getrokken.
 Hoofdstuk 6 onderzoekt het e"ect van genetische variatie in CYP3A4 en CYP3A5 op klinische 
uitkomsten bij STEMI-patiënten die behandeld worden met ticagrelor. Data uit de POPular Genetics-studie 
werden geanalyseerd om de relatie tussen CYP3A4 *22 en CYP3A5-expressorstatus en het optreden van 
trombotische events, bloedingen en dyspneu te onderzoeken. Er werden geen signi!cante verschillen 
gevonden tussen genotypegroepen, wat suggereert dat deze polymor!smen, in tegenstelling tot 
CYP2C19 bij clopidogrelgebruik, geen klinisch relevante impact hebben op de e"ectiviteit of veiligheid 
van ticagrelor.
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 In Hoofdstuk 7 wordt een meta-analyse van individuele patiëntgegevens gepresenteerd naar 
de e!ectiviteit en veiligheid van de-escalatie van DAPT bij patiënten met ACS die een PCI ondergingen. 
De analyse omvatte meer dan 10.000 patiënten uit vier grote gerandomiseerde studies (TROPICAL-
ACS, POPular Genetics, HOST-REDUCE-POLYTECH-ACS en TALOS-AMI). De-escalatiestrategieën, waarbij 
werd overgestapt van een krachtig naar een minder krachtig P2Y12-remmer, gingen gepaard met een 
signi"cante reductie van zowel ischemische events (2,3% versus 3,0%) als bloedingen (6,5% versus 9,1%) 
na één jaar. Hoewel er geen verschil werd gevonden in majeure bloedingen of totale mortaliteit, was het 
algemene veiligheidspro"el gunstiger bij de-escalatie. Deze bevindingen ondersteunen de-escalatie als 
een veilige en e!ectieve strategie om het evenwicht tussen trombose- en bloedingsrisico te verbeteren 
bij ACS-patiënten na PCI.
 Hoofdstuk 8 gaat verder met de verkenning van genotype-geleide strategieën en presenteert een 
meta-analyse op basis van individuele patiëntgegevens waarin CYP2C19-geleide antiplaatjestherapie 
wordt vergeleken met de gebruikelijke behandeling bij ACS-patiënten die een PCI ondergaan. De 
studie combineerde gegevens van twee grote gerandomiseerde trials (TAILOR-PCI en POPular Genetics) 
en omvatte meer dan 6.700 patiënten. Hoewel er geen signi"cant verschil werd gevonden in de 
incidentie van MACE (Major Adverse Cardiovascular Events; een gecombineerd eindpunt van ernstige 
cardiovasculaire events zoals overlijden, myocardinfarct en beroerte) of bloedingen tussen de groepen 
als geheel, resulteerde genotype-geleide therapie wel in minder hartinfarcten en een lagere incidentie 
van NACE (Net Adverse Clinical Events; een gecombineerd eindpunt van ernstige cardiovasculaire events 
en ernstige bloedingen). Genotype-geleide de-escalatie leidde bovendien tot minder bloedingen en 
NACE zonder verlies aan ischemische bescherming, vooral in de vroege fase na PCI. Genotype-geleide 
escalatie bood daarentegen geen extra voordeel ten opzichte van standaardzorg. Deze bevindingen 
benadrukken de klinische waarde van met name genotype-geleide de-escalatie als een veilige en 
e!ectieve strategie bij geselecteerde patiënten.
 In Hoofdstuk 9 verschuift de focus naar gepersonaliseerde behandeling bij een speci"eke 
populatie patiënten die worden behandeld met directe orale anticoagulantia (DOAC). Dit zijn 
middelen die rechtstreeks bepaalde stollingsfactoren remmen en vaak worden voorgeschreven bij 
hartritmestoornissen. In een gerandomiseerde farmacodynamische studie (SWAP-AC-2) werd onderzocht 
of patiënten die behandeld worden met een DOAC en een verhoogd risico hebben volgens de ABCD-
GENE score (#10), baat hebben bij een aangepaste behandeling. Patiënten werden gerandomiseerd 
naar clopidogrel of een lage dosis ticagrelor. Ticagrelor leidde tot een signi"cant sterkere remming 
van de plaatjesactiviteit, zowel in piek- als dalspiegels, gemeten met verschillende functionele testen. 
Hoewel klinische uitkomsten niet onderzocht werden gezien de kleine onderzoekspopulatie, suggereert 
de studie dat ticagrelor mogelijk e!ectiever is bij NOAC-gebruikers met een ongunstig genetisch pro"el. 
Verdere studies zijn nodig om te beoordelen of een ABCD-GENE-gestuurde benadering daadwerkelijk 
leidt tot betere uitkomsten bij deze complexe populatie.

De voorgaande hoofdstukken laten zien dat farmacogenetica en de-escalatiestrategieën kunnen 
bijdragen aan het ver"jnen van antiplaatjestherapie en het verbeteren van klinische uitkomsten. Hoewel 
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het bewijs hiervoor toeneemt, blijft de vertaling naar de dagelijkse praktijk een uitdaging. Deel III van dit 
proefschrift richt zich daarom op de implementatie, haalbaarheid en kostene!ectiviteit van genotype-
geleide antiplaatjes therapie in de huidige praktijk.
 In Hoofdstuk 10 wordt de praktische haalbaarheid onderzocht van het toepassen van CYP2C19-
geleide de-escalatie bij patiënten met ACS. Van de 738 genetisch geteste patiënten bleek meer dan 
80% in aanmerking te komen voor overstap naar clopidogrel. De switch van ticagrelor naar clopidogrel 
kon vaak al binnen 24 uur worden uitgevoerd, vooral wanneer point-of-care testen werden gebruikt. 
Een point-of-care test wordt vaak op de afdeling zelf uitgevoerd, en leidt tot snellere resultaten dan 
via een centraal laboratorium. Het gebruik van de point-of-care test leidde tot signi"cant kortere 
doorlooptijden en zorgde ervoor dat patiënten sneller en vaker het voor hun genetisch pro"el passende 
middel kregen. Artsen volgden de genotype-uitslagen goed op, en de strategie leidde tot aanzienlijke 
kostenbesparingen op medicatie. Deze bevindingen laten zien dat vroege genotype-geleide de-
escalatie uitvoerbaar, e!ectief en economisch gunstig is.
 Hoofdstuk 11 bouwt voort op de in het vorige hoofdstuk beschreven implementatie en richt zich 
op de klinische uitkomsten van genotype-geleide de-escalatie in vergelijking met standaard DAPT. Hier 
wordt gebruik gemaakt van data van de FORCE-ACS-registratie, een regionale registratie voor patiënten 
met een hartinfarct. In deze observationele studie met 5.321 patiënten lieten degenen die genetisch 
getest werden en de-escalatie ondergingen (N = 406) signi"cant minder bloedingen zien dan patiënten 
die standaardtherapie ontvingen, zonder dat er een toename was in ischemische events. Hoewel de 
studie niet was opgezet om non-inferioriteit voor trombotische uitkomsten aan te tonen, bevestigen 
de resultaten de veiligheid en toepasbaarheid van genotype-geleide therapie in de dagelijkse praktijk. 
Deze bevindingen liggen in lijn met eerdere resultaten uit gerandomiseerd onderzoek en ondersteunen 
verdere opschaling van deze aanpak.
 Na de beschrijving van de klinische resultaten, richt Hoofdstuk 12 zich op de kostene!ectiviteit 
van genotype-geleide de-escalatie ten opzichte van standaard DAPT vanuit het perspectief van het 
Nederlandse zorgsysteem. Aan de hand van een tweedelig beslismodel werden de verwachte zorgkosten 
en gezondheidswinst op de lange termijn gesimuleerd. Genotype-geleide therapie bleek niet alleen 
beter in termen van kwaliteit van leven, maar leidde ook tot lagere zorgkosten. De strategie bleef 
kostene!ectief onder diverse scenario’s, zelfs wanneer de medicatieprijzen voor clopidogrel en ticagrelor 
werden gelijkgetrokken. Deze resultaten versterken de klinische en economische onderbouwing voor 
bredere implementatie van gepersonaliseerde antiplaatjes therapie in de Nederlandse zorg.
 Tot slot presenteert Hoofdstuk 13 de resultaten van een grootschalige, prospectieve, multicenter 
implementatiestudie naar de klinische veiligheid en e!ectiviteit van routinematige CYP2C19-gestuurde 
therapie bij patiënten met ACS. In deze studie met bijna 10.000 patiënten traden bij de genetisch 
behandelde groep signi"cant minder ernstige of klinisch relevante bloedingen op na één jaar, terwijl 
de incidentie van trombotische events vergelijkbaar was met die van standaardzorg. Deze resultaten 
bevestigen dat genotype-geleide de-escalatie, waarbij niet-dragers van een CYP2C19 loss-of-function 
allel overstappen van een krachtig P2Y12-remmer naar clopidogrel, niet alleen veilig is, maar ook klinisch 
voordeel biedt in het verminderen van bloedingsrisico. Daarmee leveren deze gegevens overtuigend 
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bewijs dat een gepersonaliseerde antiplaatjes therapie veilig en e!ectief kan worden toegepast in de 
dagelijkse zorg voor patiënten met ACS.
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IMPACT SECTION

IMPACT SECTION

Coronary artery disease remains one of the most common and serious health problems worldwide. 
Every day, millions of patients depend on antithrombotic therapy, making the optimization of its 
safety and e!ectiveness highly relevant for both individual patients and society as a whole. Over the 
past decades, extensive research has focused on antithrombotic therapy. As discussed in this thesis, 
many di!erent strategies to optimize the balance between bleeding and ischemic risk have been 
explored, each with unique advantages and limitations. The number of antithrombotic strategies 
explored underscore the importance and ongoing challenge in  cardiology to continuously improve 
antithrombotic management. The ultimate goal of these e!orts should not be the publication of trial 
results, but the genuine implementation in daily clinical practice. Yet, the step of implementation is 
often overlooked or insu"ciently prioritized.

This thesis bridges that important gap by following the path from initial clinical trials to real-world 
implementation. We demonstrated that a CYP2C19 genotype-guided de-escalation strategy, as 
validated in randomized trials, can be successfully translated into routine practice, reducing bleeding 
without increasing ischemic events. Furthermore, we quanti#ed its cost-e!ectiveness, providing 
concrete evidence facilitating #rst reimbursement for genetic testing in our hospital and second formed 
the basis for regional funding initiatives. The next step is to expand this to a national level, where both 
the clinical and cost-e!ectiveness results will serve as a solid foundation for ongoing negotiations. 
These #ndings are highly relevant for healthcare professionals, policymakers, and health insurers, as they 
provide robust clinical and economic evidence to support the broader implementation of personalized 
antiplatelet therapy. By engaging these stakeholders—through scienti#c publications, presentations 
at national and international conferences, and close collaboration with professional societies—this 
work helped to translate the research #ndings into improved patient care on both a regional and 
international scale. Its impact has also been formally recognized by the Dutch Society of Cardiology 
(NVVC), leading to the inclusion of the following research question in the NVVC Kennisagenda: “Hoe 
kan antitrombotische therapie worden gepersonaliseerd bij patiënten met coronaire syndromen 
en percutane klepinterventies?” This integration into a national platform strengthens the potential 
for broader adoption and knowledge dissemination, further underscoring the scienti#c and societal 
relevance of the results presented in this thesis.
 Beyond proving the feasibility and cost-e!ectiveness of genotype-guided therapy, this thesis has 
shown how translating evidence from clinical trials into daily clinical practice can meaningfully improve 
patient care. The practical impact of this strategy has been made clearly visible in our coronary care unit, 
where its implementation resulted in fewer bleeding events and a noticeable reduction in side e!ects 
such as dyspnea among a broad population of patients with ACS. In addition, the implementation has 
generated valuable knowledge products and practical experience, such as the development of clinical 
protocols and the resolution of real-world challenges, including integrating genotype-guided strategies 
into electronic patient records and ensuring that test results are neither missed nor misinterpreted. These 
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insights are highly valuable and can support the successful implementation of personalized antiplatelet 
therapy in other hospitals and healthcare systems.
 In addition to implementation, this thesis also explores new areas of potential improvement in 
antiplatelet therapy. Speci!c attention is given to patients requiring oral anticoagulation undergoing 
percutaneous coronary intervention, a group that presents a unique challenge in balancing bleeding 
and ischemic risk. Studies like this open the door for future research, further re!ning the personalization 
of antithrombotic treatment beyond the current focus on DAPT.

This thesis has objecti!ed the local impact of implementation while setting in motion a broader shift 
within the !eld of personalized antithrombotic therapy. With these results, we are not at the !nish line 
but rather on the road toward a future in which antiplatelet therapy in ACS is no longer based on a “one-
size-!ts-all” principle, but instead moves toward truly personalized care.
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Hoewel de kaft van dit boekje misschien suggereert dat ik de weg naar gepersonaliseerde 
behandeling alleen heb bewandeld, is niets minder waar. Dit proefschrift is het resultaat van de inzet 
en betrokkenheid van velen, die zowel binnen het ziekenhuis als daarbuiten hebben bijgedragen, en 
mijn onderzoeksperiode tot een bijzondere, leerzame en vooral mooie en leuke tijd hebben gemaakt. 
Daarom wil ik graag allen bedanken die hieraan hebben bijgedragen.

Allereerst, wil ik alle patiënten die hebben deelgenomen aan de verschillende studies in dit proefschrift 
hartelijk bedanken voor hun vertrouwen en hun tijd. Zonder hun bereidheid om hun data beschikbaar 
te stellen voor de wetenschap, terug te komen voor herhaalde bloedafnames, en al die vragenlijsten in 
te vullen, was dit proefschrift niet tot stand gekomen.

Prof. Dr. ten Berg, beste Jur, hoewel ik aanvankelijk !ink heb getwijfeld tussen starten in de kliniek of het 
aangaan van een vierjarig PhD-traject, ben ik blij dat je me toch hebt weten te overtuigen. Ik kan dan 
ook met zekerheid zeggen dat ik geen moment spijt heb gehad van mijn keuze om te promoveren. 
Mede dankzij jou heb ik een zeer veelzijdige PhD mogen doorlopen. Ik mocht werken binnen 
grootschalige prospectieve klinische studies, deed bloedafnames met bijbehorende lab analyses, kreeg 
de kans om op congressen te spreken als genodigd spreker (initieel als jouw vervanger), maakte video’s 
voor VGZ, kwam op de radio van RTV Utrecht, werkte mee aan een tentoonstelling in Nemo, nam deel 
aan overleggen met zorgverzekeraars, en coördineerde een datateam binnen de FORCE-ACS-studie. 
Daarnaast hebben we meerdere subsidieaanvragen geschreven, gelukkig ook regelmatig met succes. 
Veel van deze kansen zijn het gevolg van jouw brede betrokkenheid en verbindende rol tussen klinische 
praktijk, wetenschappelijk onderzoek en de vele partijen daaromheen. Ik heb bewondering voor de 
manier waarop je voortdurend up-to-date blijft en, ondanks een vol cathlab-programma, tussendoor 
tijdens wetenschapsvergaderingen moeiteloos tussen uiteenlopende onderwerpen schakelt, steeds 
met scherpe kritiek. Daarnaast heb ik je gelukkig ook buiten de werkvloer beter leren kennen, tijdens 
borrels, congressen, en natuurlijk de skireis. Dank voor het vertrouwen, de kansen en de vrijheid die je 
mij hebt gegeven, en voor de manier waarop je mij hebt begeleid gedurende dit traject.

Prof. Dr. van ’t Hof, beste Arnoud, ik weet niet of jij het je nog herinnert, maar onze eerste kennismaking 
vond plaats na een relatief korte nacht, ’s ochtends op het voorjaarscongres van de NVVC in het eerste 
jaar van mijn PhD. Ik hoop dat ik in de ontmoetingen die daarop volgden een frissere indruk heb 
achtergelaten tijdens de vergaderingen met jouw onderzoeksgroep van het MUMC+ en op verschillende 
congressen. Bedankt voor je begeleiding en betrokkenheid bij het afronden van dit proefschrift.

Tevens wil ik de overige leden van mijn proefschriftcommissie, prof. dr. ten Cate, prof. dr. Hackeng, prof. 
dr. van Royen, prof dr. Asselbergs en dr. Winckers, bedanken voor het beoordelen van mijn proefschrift. 
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Dank aan het St. Antonius Ziekenhuis, en in het bijzonder aan de vakgroep Cardiologie. Het 
vooruitstrevende en innovatieve karakter van zowel het ziekenhuis als de afdeling heeft ervoor gezorgd 
dat de implementatie van genotype-geleide strategie daadwerkelijk een succes kon worden. Van de 
afdelingshoofden tot de IT-afdeling, verpleegkundigen en arts-assistenten: er werd altijd meegedacht 
en obstakels werden opgelost, waardoor genetisch testen binnen korte tijd uitgroeide tot standaardzorg 
in onze dagelijkse praktijk.

Dank aan de verpleegkundig specialisten op de dagbehandeling, die zonder problemen de behandeling 
van patiënten opnieuw aanpasten wanneer zij werden geïncludeerd in de studies. 
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uitvoering als bij het meedenken over de analyses.

De afdeling Research & Innovation, initieel onder leiding van Mike Bosschaert. Ik heb de samenwerking 
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aanspreekpunt voor alle PhD’ers lever je een essentiële bijdrage aan ieders promotietraject; bij mij eerst als 
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samen de overstap naar de kliniek te maken. Het samen maken van echo’s, het leren hechten en de vele 
mooie momenten tijdens borrels en congressen hebben deze jaren extra bijzonder gemaakt. Dank dat 
je tijdens mijn verdediging opnieuw aan mijn zijde staat als paranimf.

Harold en Wilbert, hoewel ik jullie tijdens het hardlopen nog voorloop, heb ik op medisch inhoudelijk 
gebied veel van jullie mogen leren. Wilbert, dank dat je me op weg hebt geholpen met R, mede dankzij 
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de rubberen eendjes methode. Harry, op onderzoeksgebied heb ik niet zoveel van je geleerd, maar als 
mentor ben je natuurlijk mijn grote voorbeeld. Ik heb onze vele gezamenlijke hardlooprondes vanuit het 
werk, het samen eten en de goede gesprekken erg gewaardeerd. Laten we dit vooral blijven volhouden!

Dean, voor het grootbrengen van de FORCE-ACS, je hulp op die avond in Barcelona en de andere vele 
gezellige momenten, zoals de dumpling date in Londen. 

Jaouad, door de overlappende PhD-onderwerpen heb ik het geluk gehad om veel en direct met je 
samen te werken. Nadat jij jarenlang de pleegouder bent geweest van het kind van de plaatjesgroep, de 
FORCE-ACS, hebben we dit vervolgens een jaar lang samen opgevoed. Uiteindelijk heb ik de volledige 
voogdij gekregen. Ik heb genoten van onze samenwerking en veel van je geleerd over coördineren 
en aansturen, en dat het bij een reis niet alleen om de bestemming gaat, maar juist ook om de weg 
ernaartoe. Ik beloof je dat ik goed voor “ons” kindje heb gezorgd en dat ik het met een gerust hart 
toevertrouw aan de nieuwste pleegouder, Qiu Ying. 

Qiu Ying, we hebben slechts een aantal maanden overlap gehad, maar in die tijd wel intensief 
samengewerkt. In die maanden heb ik gemerkt dat je een echte aanwinst bent voor de onderzoeksgroep, 
en vertrouw ik je mijn projecten met een gerust hart toe.

Ashley, dank voor het meenemen van de zuidelijke sfeer in onze kamer. Tijdens de werkdag klonk er af 
en toe een zucht vanaf jouw kant, vaak CTIS-gerelateerd, maar op congressen, borrels en PhD-uitjes was 
je altijd in optima forma. 

Diederik, je bracht, na je verhuizing van je eenzame PhD-hok naar onze kamer, zoals jij het zou zeggen, 
meer “reuring” in de tent. Er zijn een paar zekerheden in het leven: dat je belasting moet betalen, dat 
iedereen doodgaat, en dat Diederik gezamenlijk ko!e wil halen zodra hij ’s ochtends één voet in de 
PhD-kamer heeft gezet. Dank ook voor deze reuring tijdens de vele "etstochtjes, congressen, borrels 
en skireizen.

DJ, vaak aan mijn linkerzijde in ons hok. Jouw gedrevenheid binnen het onderzoek werkte aanstekelijk. 
Dank voor het sparren over epidemiologische vraagstukken en voor de gezellige borrels en congressen, 
waar je ook altijd wist te shinen. Later werd op je opgevolgd door Chris, die de TAVI onderzoeksmachine 
feilloos overnam, altijd hard aan het werk, altijd gezellig, altijd “best”. 

Errol en Bob, de buurmannen uit het EFO-hok. Dank voor de gezellige tijd; het weekend naar Valencia 
behoort zonder twijfel tot de hoogtepunten van mijn PhD-tijd.
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waardevolle data is verzameld. Deze data vormden een belangrijk onderdeel voor mijn onderzoek, en 
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Natuurlijk ook dank aan alle andere arts-onderzoekers waarmee ik in de afgelopen mee heb 
mogen samenwerken voor de prettige samenwerking en de gezellige momenten tijdens mijn 
onderzoeksperiode.
Alle collega-arts-assistenten cardiologie, dank voor de !jne samenwerking en gezelligheid. Na het meer 
solistische bestaan als onderzoeker heb ik mijn start in de kliniek als bijzonder warm ervaren. Mooi om 
te zien hoe iedereen voor elkaar klaarstaat en we als team samenwerken.

Dank ook aan alle vrienden en aan mijn familie, voor de interesse en betrokkenheid in de afgelopen 
jaren. 

In het bijzonder, Tovi, Boot, Doom, Tommy en Sjef, op de Victor de Stuersstraat is een band ontstaan die 
sindsdien alleen maar hechter is geworden. Dank voor de mooie jaren in Maastricht en voor de vele 
mooie diners, bowl-uitjes, en weekenden weg nadien. 
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in Maastricht. Jammer dat je jezelf niet altijd met dezelfde overtuiging hebt kunnen motiveren voor je 
eigen studie, maar uiteindelijk ben je er wel gekomen. Bedankt voor de motivatie en steun gedurende 
de afgelopen jaren. Sinds de start van mijn PhD stelde je bijna maandelijks de vraag: ‘en ben je al doctor?’, 
waardoor ik die vraag ooit met ‘ja’ moest kunnen beantwoorden. Ik weet dat ik altijd op je kan rekenen, 
en het is dan ook vanzelfsprekend dat je aan mijn zijde staat als paranimf.

Ron, hoewel we elkaar al lange tijd kenden, heb ik nu als huisgenoten de afgelopen maanden gemerkt 
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de laatste afrondende fase van mijn PhD.

Lieve zussen, Mirte en Fenne, als jongste heb ik kunnen aanschouwen hoe jullie het carrièrepad binnen 
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