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Introduction 

Cardiovascular disease is a major cause of morbidity and mortality through-
out the world [1]. Despite major advances in the interventional and medical 
management of acute coronary syndromes (ACS) in recent years, there is 
still a definite risk of recurrent thrombo-embolic events [2] occurring both in 
the native coronary artery and in the commonly implanted coronary stents. 
This has prompted the development of new, more potent anti-thrombotic 
drugs that inhibit thrombus formation more effectively. However, more po-
tent and efficient anti-thrombotic treatment also increases the risk of bleed-
ing which is associated with a higher mortality risk. Thus, a major concern 
with anti-thrombotic treatment is the critical balance between the anti-
ischemic effect and bleeding risk. For certain anti-thrombotic drugs there is 
also a substantial variability in the pharmacodynamic (PD) response, poten-
tially leading to thrombotic complications (in low responders) or bleeding 
complications (in high responders). In this setting, personalized or tailored 
anti-thrombotic treatment for ACS might have the potential to increase anti-
thrombotic treatment efficacy and to better balance the benefit and risk ratio 
for the individual patient.   
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Background 

Acute Coronary Syndromes 
 
Acute coronary syndrome (ACS) is a unifying term representing conditions 
with acute myocardial ischemia. In most cases, a ruptured atherosclerotic 
plaque, fissure, erosion, or a combination with an overlaying intra-coronary 
thrombosis lead to myocardial ischemia-associated myonecrosis. Myocardial 
infarction (MI), with or without ST elevation, and unstable angina, without 
evidence of elevated myocardial biomarkers, constitute the ACS population.  

In the majority of patients with ACS, the thrombus is partially occlusive 
or only transiently occlusive and results in myocardial ischemia without ST 
segment elevation on the electrocardiogram (Non-ST-elevation myocardial 
infarction, NSTEMI). In the remaining patients with ACS, the intra-coronary 
thrombus completely occludes the vessel, resulting in ST-elevation myocar-
dial infarction (STEMI). A timely reperfusion therapy, preferably with a 
percutaneous coronary intervention (PCI) procedure in STEMI, can improve 
survival and reduce the size of the ongoing myocardial damage.  

Stent thrombosis 
 
Stent thrombosis (ST), which is an acute thrombotic occlusion of a previ-
ously implanted stent, is an uncommon but serious complication to PCI. The 
risk of acute ST is greatest in the early phase with approximately 2% the 
initial month for all types of stents [3, 4]. Thereafter the risk seems to be 
approximately 0.5% per year for drug-eluting stents [4]. The mortality with 
ST has been described as high as 20-40% [5].  
For early ST (defined as the initial 30 days after the stent implantation), the 
strongest independent predictor is an acute indication for stenting  
(i.e. ACS) [6].  

For late ST (after 30 days), premature discontinuation or poor response to 
antiplatelet therapy plays a pivotal role. Other risk factors for ST besides 
clinical factors such as diabetes mellitus include mechanical or angiographic 
factors such as calcifications, stents in bifurcations, long lesions and small 
vessels, drug-eluting stents and inadequately expanded stents [7]. During the 
first months after stenting, bare metal stents appear to have higher rates of 
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ST compared to drug-eluting stents. On the other hand, ST rates are higher in 
drug-eluting stents after 6 months. In fact, a drug-eluting stent is the strong-
est independent predictor of ST after the initial 6 months [6, 8]. 

Pathophysiology of Acute Coronary Syndromes 
 
Atherosclerosis 
 
Atherosclerosis is in part an inflammatory disease, affecting medium and 
large size arteries and is the most common cause of coronary artery disease. 
Atherosclerotic lesions consist of foam cells and extra cellular lipids that 
form a core surrounded by a fibrin cap. The rupture of the fibrin cap and the 
atherosclerotic plaque triggers thrombosis through platelet activation and 
initiation of the coagulation process, atherothrombosis [9].  

Progression of atherosclerosis is controlled by the balance between in-
flammatory and anti-inflammatory activity in lipid-rich plaques. In recent 
years, the role of inflammation in coronary artery disease has been a focus of 
investigation. These new insights in the pathophysiology of atherosclerosis 
have opened new opportunities for diagnoses and risk-stratification and 
bring new treatment options for both prevention and treatment of coronary 
artery disease. 

Although platelets are one of the key components of the arterial occlusive 
thrombus and also participate in the evolution and progression of the athero-
sclerotic lesion, their role in myocardial infarctions originating from native 
and previously untreated coronary lesions in high-risk individuals (i.e. spon-
taneous MI) likely differ from recurrent events in patients during and after 
coronary stenting (i.e. stent thrombosis or periprocedural ischemic events).  

Platelets and inflammation 
 
Inflammatory immune activation in coronary arteries initiates an ACS event. 
C-reactive protein and Interleukin-6 are elevated in patients with ACS and 
high levels predict a worse prognosis [10, 11]. Moderately elevated C-
reactive protein has also been shown to be an independent risk factor for 
coronary artery disease in a healthy population [12].  

Platelets produce several inflammatory mediators and growth factors that 
play a role in atherothrombosis [13]. P-Selectin (CD62P) acts pro-
inflammatorily together with von Willebrand factor. P-Selectin is responsi-
ble for platelet and leukocyte adhesion and stored in platelets and released 
upon activation with agonists such as thrombin or adenosine diphosphate 
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(ADP). The CD40 ligand is also a pro-inflammatory ligand that binds to its 
receptor CD40. When the CD40 ligand is expressed on the platelet surface, it 
is rapidly cleaved to soluble CD40 ligand prompting several inflammatory 
responses by endothelial cells, such as production of chemokines, cytokines, 
adhesion molecules and reactive oxygene species.  

Platelets in atherothrombosis 
 
Platelets are released from the bone marrow and circulate for their average 
lifespan of 7-10 days. Platelets are activated when atherosclerotic plaques 
are ruptured and also during PCI by damage to the innermost layer, the in-
tima, caused by balloon expansion and stents that are placed in the coronary 
vessel.  

Upon activation, platelets release several reactive substances including 
ADP, adenosine triphosphate, thrombospondin, fibrinogen, coagulation fac-
tors, various growth factors, chemokines and von Willebrand factor [14]. 
The surface of the resting platelet carries a large variety of specialized and 
highly regulated transmembrane receptors for different agonists and ligands.  
 

Platelet activation 
 
Platelet activation by collagen, ADP or thrombin results in a rapid conforma-
tional change of platelets to form irregular spheroids [15]. The activated 
platelets release their storage in granulae and generate tromboxane A2 
(TXA2). TXA2 is a potent vasoconstrictor and platelet agonist.  

The glycoprotein (GP) ligand receptors of the integrin family bind ex-
tracellular matrix and plasma proteins and mediate cell-substrate and cell-
cell interactions. The integrins mediate platelet adhesion, aggregation, 
spreading and intracellular bidirectional signaling [16]. The GP IIb/IIIa re-
ceptor is the most abundant integrin on the platelet receptor and is essential 
for platelet interactions with platelet proteins and the extracellular matrix. 
When platelets are activated, intra-platelet pools of GP IIb/IIIa are expressed 
in addition to GP IIb/IIIa receptors already on the platelet surface. By a con-
formational change the receptors switch to a high-affinity state and the 
ligand-binding pocket is exposed permitting fibrinogen and von Willebrand 
factor binding mediating platelet cross-linking and thrombus formation 
(Figure 1). Thrombin, which is produced by the activation but also the co-
agulation cascade, also activates PAR-1 and PAR-4 by proteolysis of the 
receptor.  

 



 13 

 
Figure 1. Mechanisms of platelet activation 

ADP receptors 
  
Both ADP and TXA2 are released when platelets adhere to the vessel wall 
and therefore they operate as mediators with an autocrine- or paracrine-
positive feedback loop that amplifies platelet response to stimulation.  ADP 
stimulates two different P2Y receptors on the platelet cell surface involved 
in thrombus formation: the Gq linked P2Y1 and the inhibitory G protein (Gi) 
linked P2Y12 (Figure 1) [17]. A co-interaction between the two receptors is 
necessary for normal ADP-induced platelet activation [18]. The Gq coupled 
P2Y1 receptor mediates a transient rise in cytoplasmic Ca2+, platelet shape 
conformation and reversible aggregation. The Gi coupled P2Y12 receptor 
stabilizes the platelet aggregates and amplifies the secretion of platelet dense 
granulae. The stimulation of the ADP receptors, predominately the P2Y12 
receptor, assists in exposing binding sites on the GP IIb/IIIa receptor. 

The P2Y12 receptor has a selective tissue distribution and is the target of 
the thienopyridine antiplatelet drugs (ticlopidine, clopidogrel and prasugrel) 
which bind irreversibly to the receptor and block the binding site for ADP 
for the life span of the platelet. The P2Y12 receptor is also the target for the 
platelet inhibitor ticagrelor that binds reversibly to a site on the receptor dis-
tinct from the ADP binding site, causing a conformational change of the 
receptor [19].  
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Antithrombotic Treatment for Acute Coronary 
Syndromes 
 
Because of the platelets’ pivotal role in atherothrombosis they are primary 
targets of antithrombotic therapy. Antithrombotic therapy can be divided 
into drugs acting on platelet activation (adhesion, release and/or aggregation) 
or coagulation/fibrinolysis. The coagulation process results in the generation 
of thrombin and subsequent platelet-fibrin clot formation.  

Intravenous antiplatelet drugs 
GP-IIb/IIIa receptor antagonists 
 
The expression of the active integrin αIIbβ3 (GP-IIb/IIIa) on the platelet 
surface is the final common pathway of platelet aggregation. Abciximab is a 
monoclonal antibody that binds to the platelet surface GP-IIb/IIIa receptors. 
Suppression of ADP-induced platelet activity is dose-dependent. Peak levels 
of platelet inhibition are achieved 2 hours after bolus administration and 
platelet aggregation returns to baseline within 24 hours in most patients [20]. 
The clinical efficacy of abciximab added to conventional antithrombotic 
treatment was demonstrated in the Evaluation of 7E3 for the Prevention of 
Ischemic Complications (EPIC) trial, showing that abciximab compared to 
placebo reduced ischemic complications during and after PCI [21]. Other 
GP- IIb/IIIa inhibitors are tirofiban and eptifibatide. Tirofiban is the non-
peptide derivate of tyrosine selectively inhibiting the receptor, whereas epti-
fibatide is a synthetic disulfide-linked cyclic heptapeptide with a high speci-
ficity for inhibition of the GP-IIb/IIIa receptor. Hemorrhage and thrombocy-
topenia represent both important side effects of all GP-IIb/IIIa antagonists.  

Oral antiplatelet drugs 

 
Dual antiplatelet therapy with aspirin and clopidogrel is recommended for 
patients with ACS and patients undergoing stent implantation [22]. The piv-
otal Clopidogrel in Unstable Angina to Prevent Recurrent Events (CURE) 
trial demonstrated a relative risk reduction of 20% of the composite endpoint 
of death from cardiovascular causes, nonfatal myocardial infarction, or 
stroke in patients with non-ST elevation acute coronary syndromes random-
ized to clopidogrel and aspirin as compared to aspirin alone [23]. 
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Aspirin 
 
Treatment with aspirin is fundamental to the management of all patients with 
ACS. Aspirin’s mechanism of action occurs through permanent inactivation 
of the cyclooxygenase (COX) activity of prostaglandin H synthase 1 and 
synthase 2 (also referred to as COX-1 and COX-2) [24]. These iso-enzymes 
catalyze the conversion of arachidonic acid to PGH2.  PGH2 is in turn a sub-
strate for several tissue-specific isomerases that generate several bioactive 
prostanoids, including thromboxane A2 (TXA2) and prostacyklin (PGE1). 
Low levels of aspirin predominately inhibit COX-1 whereas higher levels 
are needed to also inhibit COX-2 [25]. TXA2 is mainly derived from COX-1 
and PGE1 mainly from COX-2.  

The effect of antiplatelet therapy with aspirin on the risk of vascular 
events has been evaluated in numerous patient populations, from healthy 
individuals to patients with ACS. A meta-analysis of trials of antiplatelet 
therapy in high risk patients with known atherosclerotic clinical manifesta-
tions, indicates that aspirin reduces the risk of a serious vascular event by 
approximately 25% [26]. On the other hand, in high-risk patients, low-dose 
aspirin almost doubles the risk of a major extracranial bleeds (predominately 
upper gastrointestinal). Nonetheless, for most high-risk patients, the benefits 
of secondary prevention with aspirin outweigh the increased risk for bleed-
ing. The risk benefit ratio of low-dose aspirin in high-risk ACS patients has 
resulted in the highest level of recommendation for their use in international 
guidelines [27]. Pharmacodynamic studies have suggested that low-dose 
aspirin has variable effects in inhibiting non-COX-1 pathways and selected 
patient groups might need an aspirin dose higher than 75 mg to achieve op-
timal antiplatelet effect [28].  

Thienopyridines 
 
Since ADP plays a pivotal role in the amplification of platelet aggregation 
leading to a stable occlusive thrombus, inhibition of the platelet ADP 
(P2Y12) receptor was an early focus in antiplatelet drug development. The 
thienopyridines (ticlopidine, clopidogrel and prasugrel) are prodrugs that 
require metabolic activation of the cytochrome P450 pathway. The active 
metabolite of the thienopyridine irreversibly and covalently binds to the 
P2Y12 receptor on platelet membranes and blocks the receptor-induced re-
duction in intracellular cAMP resulting in reduced aggregation [29].   
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Ticlopidine 
 
The first thienopyridine to be widely used was ticlopidine. Ticlopidine as a 
single agent (not co-administered with aspirin) has been evaluated in several 
different conditions (such as stroke, MI, intermittent claudication) and was 
as effective as aspirin in the treatment of patients with a recent MI [30]. De-
spite the promising results showing ticlopidine’s potential to reduce cardio-
vascular events, the use of ticlopidine therapy co-administered with aspirin 
or as a single therapy and alternative to aspirin, has diminished in the last 
decade. The higher bone-marrow toxicity of ticlopidine compared to clopi-
dogrel and the potential risk of drug-induced leucopenia has limited its place 
in the current therapeutic arsenal.  

 

Clopidogrel 
 
Clopidogrel has undergone large Phase III trials in more than 100,000 pa-
tients and its use is supported in guidelines for ACS [31, 32], ischemic stroke 
[33] and peripheral artery disease [34].  
The Clopidogrel vs. Aspirin in Patients at Risk of Ischemic Events (CA-
PRIE) trial assessed the efficacy of clopidogrel 75 mg once daily and aspirin 
325 mg once daily in reducing the risk of a composite endpoint of ischemic 
stroke, MI or vascular death in a population of patients with atherosclerotic 
vascular disease. Patients treated with clopidogrel had an annual 5.3% risk of 
the composite endpoint compared to 5.8% with aspirin (p=0.043) reflecting a 
relative risk reduction of 8.7% with clopidogrel [35]. The overall safety pro-
file of clopidogrel was at least as good as medium-dose aspirin. Although the 
statistical significance favoring clopidogrel in this trial was marginal, the 
effect of clopidogrel as compared to a placebo should be substantially 
higher.  

The concept of dual antiplatelet therapy (DAT) was tested in the CURE 
trial, where >12,000 patients were randomized to clopidogrel 75 mg and 
aspirin (75-325 mg) versus placebo and aspirin (75-325 mg). In this trial, 
patients with DAT had an event rate of the composite endpoint of 9.3% for 
clopidogrel and aspirin versus 11.4% for placebo and aspirin (p=0.0009) 
[23]. The risk-reduction with clopidogrel compared to aspirin was seen in 
both conservatively and invasively treated patients. The rates of minor and 
major bleeding were higher with dual antiplatelet treatment than with aspirin 
alone.     

The benefit of DAT with clopidogrel vs. aspirin alone has been confirmed 
in patients with ST-elevation myocardial infarction treated with fibrinolysis 
[36] and those undergoing elective PCI [37]. The favorable effect of DAT in 
ACS patients and patients undergoing stenting has not proven successful 
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when compared to anticoagulation in atrial fibrillation [38] as secondary 
prevention in patients with high risk of atherothrombotic events [39] or when 
compared to clopidogrel alone in patients with a recent transient ischemic 
attack or stroke [40].   

 

Prasugrel 
 
Prasugrel is, like clopidogrel, a thienopyridine ADP receptor antagonist and 
a potent inhibitor of platelet activation and aggregation [41]. It has been 
postulated that the more efficient platelet inhibition achieved with prasugrel 
compared to clopidogrel is caused by differences in active metabolite expo-
sure rather than by differences in active metabolite potency [42, 43]. Pra-
sugrel was compared to clopidogrel in 13,608 patients with ACS undergoing 
PCI in the Trial to Assess Improvement in Therapeutic Outcomes by Opti-
mizing Inhibition with Prasugrel -Thrombolysis in Myocardial Infarction 38 
(TRITON-TIMI 38 trial). The primary efficacy endpoint of cardiovascular 
death, non-fatal MI or non-fatal stroke occurred in 12.1% of patients receiv-
ing clopidogrel and 9.9% of patients receiving prasugrel (HR 0.81; p<0.001) 
[44] during a median of 14.5 months. There was also a more than 50% re-
duction of stent thrombosis with prasugrel compared to clopidogrel (HR 
0.48, 95% CI 0.36-0.64, p<0.001). The rates of cardiovascular death were 
similar between treatment groups (2.1% for prasugrel vs. 2.4% for clopido-
grel, HR 0.89, p=0.31). With prasugrel there was also increased risk of 
TIMI-defined major bleeds not related to coronary bypass surgery (2.4% of 
patients receiving prasugrel and in 1.8% of patients receiving clopidogrel 
(hazard ratio, 1.32; 95% CI, 1.03 to 1.68; P=0.03). Post-hoc analyses showed 
that the highest bleeding risk was seen in the elderly (>75 years), the lean (< 
60 kg) and in patients with previous stroke or transient ischemic attack in 
whom the net clinical benefit was neutral or in fact negative.  In the STEMI 
cohort of the TRITON trial, the reduction of ischemic events did not seem to 
be accompanied by an increased risk of bleeding, most likely due to a 
slightly lower mean age and overall lower bleeding risk [45]. However, the 
incidence of bleeding complications in patients who had coronary artery 
bypass surgery was higher in prasugrel-treated patients (13.4%) than in 
clopidogrel-treated patients (3.2%) (HR 4.73; p<0.001). Consequently, the 
favorable bleeding risk in STEMI patients might be attributable to a lower 
risk of coronary artery bypass surgery in these patients. Prasugrel was 
granted marketing approval in the European Community in February 2009 
for patients with ACS undergoing PCI. 
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Clopidogrel and prasugrel pharmacokinetics 
 
Both clopidogrel and prasugrel are rapidly absorbed after oral administra-
tion. The maximal level of active metabolite of clopidogrel and prasugrel are 
reached after 1 and 0.5 h respectively. The active metabolite of clopidogrel 
increases dose-dependently but not dose-proportionally up to a loading dose 
of clopidogrel 600 mg clopidogrel. Doses greater than 600 mg do not 
achieve higher levels of active metabolite [46]. For prasugrel, the levels of 
active metabolite increase both in a dose-dependent and dose–proportional 
manner [47]. 

Clopidogrel and prasugrel metabolism 
 
Both clopidogrel and prasugrel are metabolized in the liver and intestines 
into active metabolites that irreversibly inhibit the P2Y12 receptor by cova-
lent binding.  

The metabolic pathways for clopidogrel and prasugrel have some key dif-
ferences. Approximately 85% of a clopidogrel dose is hydrolyzed by es-
terases to an inactive metabolite which cannot be converted to the active 
metabolite. The remaining clopidogrel is available for conversion into the 
active metabolite in a process requiring two sequential cytochrome P450 
(CYP) dependent steps with contribution from CYP3A4/5, CYP2C9, 
CYP1A2 in one step and CYP2B6 and CYP2C19 in both steps [48, 49] 
(Figure 2). 

Prasugrel, on the other hand, is hydrolyzed by esterases into an intermedi-
ate precursor of the active metabolite. This intermediate is then oxidized to 
the active metabolite in a single CYP-dependent step by any one of four 
CYP enzymes (with major contributions from CYP3A4/5 and CYP2B6 and 
minor contributions from CYP2C19 and CYP2C9) [50]. 

 Emerging data suggest that variations in the genes encoding CYP en-
zymes associated with decreased CYP enzyme activity are associated with 
an altered PD response to clopidogrel [51, 52]. 
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Figure 2. Clopidogrel and prasugrel metabolism 

Clopidogrel poor response 
 
Although clopidogrel is effective in many patients, poor responsiveness to 
clopidogrel (i.e. inadequate platelet inhibition) occurs in 20-30% of patients 
and is associated with an increased risk of ischemic events, especially stent 
thrombosis after coronary intervention. The prevalence of the clopidogrel 
poor response varies depending on dose and time of measurement in relation 
to dosing. Since the first report of clopidogrel poor response [53], several 
studies have shown a high prevalence of PD poor response to clopidogrel 
using several definitions, many of them linked to clinical outcome [54-56]. 
The response to clopidogrel seems to be similar for the duration of treatment 
[57, 58] and early assessment of clopidogrel response seems to predict long-
term response.  
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Mechanisms of clopidogrel poor response 
 
The mechanisms for the poor response to clopidogrel are unclear, although 
genetic, metabolic, cellular and clinical factors have been proposed [59]. 
One plausible mechanism seems to be the variable generation of the active 
metabolite [51]. The extent of platelet inhibition correlates well with the 
metabolic activity of the hepatic cytochrome P450 (CYP) which activates the 
prodrug to the active metabolite and among CYP enzymes there is emerging 
evidence that CYP2C19 plays a pivotal role [52]. Theoretically, polymor-
phisms within the P2Y12 receptor also have the potential to alter the PD re-
sponse to clopidogrel. However, several studies have indicated that P2Y12 

receptor polymorphism has little, or no impact on the poor PD response to 
clopidogrel [60-62] 

Differences in drug absorption and interference with clopidogrel’s me-
tabolism with other drugs may also play a role. Several studies have shown 
that concurrent treatment with lipophilic statins that are substrates of 
CYP3A4 (e.g. atorvastatin and simvastatin) attenuate the antiplatelet effects 
of clopidogrel [63, 64]. Whether treatment with proton pump inhibitors af-
fects cardiovascular outcomes in patients receiving clopidogrel still remains 
unclear and results are contradictory. Observational studies have shown a 
significant association between proton pump inhibitor use and cardiovascu-
lar risk whereas propensity-matched or randomized trials have shown no 
association [65].  

Differences in the function of intestinal efflux transporters, specifically P-
glycoprotein (P-gp, ABCB1) appear to affect the bio-availability of clopido-
grel. Taubert et al investigated the impact of a mutation of the gene encoding 
P-gp, ABCB1 3435T in patients undergoing elective PCI randomly assigned 
to clopidogrel LDs of 300, 600 and 900 mg [66]. The presence of the 3435T 
allele had previously been associated with higher P-glycoprotein expression 
and lower levels of known P-glycoprotein substrates such as digoxin [67, 
68]. Patients’ homozygote for the 3435T allele revealed approximately 2-4 
fold lower Cmax and AUC of both clopidogrel and its active metabolite after 
either the 300 mg or 600 mg LD [66].  
 

Cytochrome P450 and P-glycoprotein gene variation 
 
The genes encoding the CYP-enzymes are polymorphic and the combi-
nation of two alleles comprises a genotype. The various genotypes (for ex-
ample, CYP2C19*1A/*1A) for each of the CYP genes have been placed into 
categories such as: extensive metabolizer (EM), defined as two alleles con-
ferring normal or near-normal activity and reduced metabolizer (RM), de-
fined by at least one reduced-function allele. This classification of predicted 
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phenotype is defined according to literature-based predictions of activity 
using the star-allele nomenclature (see http://cypallels.ki.se).   

The activation of both clopidogrel and prasugrel is partly governed by the 
CYP3A system (CYP3A4 and CYP3A5). Decreased function polymor-
phisms of CYP3A4 and CYP3A5 are uncommon and the effect of clopido-
grels’ antiplatelet effect by CYP3A substrates, such as lipophilic statins, 
remains the subject of debate [63, 69]. Nonetheless, mechanisms between 
CYP3A4 and CYP3A5 are known to be compensatory, so these genes are 
unlikely to play a clinically meaningful role in variable clopidogrel response.  

The CYP2C19 system has been extensively investigated. Hulot et al first 
reported in a study with healthy volunteers that the subjects’ heterozygote 
for the loss-of-function allele for CYP2C19*2 (*1/*2) had a marked decrease 
of the clopidogrel platelet inhibitory effect compared to subjects who were 
the homozygote wild type CYP2C19 (*1/*1) [70]. These results have since 
been confirmed by others in patients with coronary artery disease [52, 62]. In 
contrast to the CYP2C19 RM effect on clopidogrel, neither the pharmacoki-
netic nor PD effect of prasugrel seems to be affected by alterations in the 
CYP2C19 effect [51]. The impact of the CYP2C19*2 allele on clinical out-
comes in coronary artery disease patients was evaluated in the Impact of 
Extent of Clopidogrel-Induced Platelet Inhibition During Elective Stent Im-
plantation on Clinical Event Rate (EXCELCIOR) study [71]. Patients with 
the CYP2C19*2 variant were more likely to have high on-clopidogrel plate-
let reactivity compared to wild type patients and this was associated with a 
poorer clinical outcome after PCI [52].    

In a sub-study of the TRITON-TIMI trial, patients with ACS undergoing 
PCI with clopidogrel treatment and with at least one allele of reduced-
function CYP2C19 had a 50% higher rate of major vascular events than non-
carriers [72]. Contradictory to these results, Paré et al showed no effect of 
loss-of-function CYP2C19 on event rates in patients with ACS treated with 
clopidogrel in the CURE trial [73]. This difference can most likely be attrib-
uted to the low number of patients treated with PCI in the CURE trial 
(14.5% compared to 99% in the TRITON study). On the other hand, gain-of-
function CYP2C19 polymorphism carriers had a lower event rate of the pri-
mary outcome measure compared to non-carriers (7.7% vs. 13.0%).  

These new findings on the effect of CYP2C19 variation on clopidogrel re-
sponse complicate the prescribing of clopidogrel and have resulted in a 
“black-box” warning from the U.S. Food and Drug Administration alerting 
patients and health care professionals that clopidogrel can be less effective in 
some patients. 

Neither the third generation thienopyridine prasugrel nor ticagrelor (fur-
ther described on the following page) seem to be affected by CYP2C19 
polymorphisms [74, 75]. Sub-studies from both the PLATO and the TRI-
TON trials also examined the effect alterations in the intestinal efflux trans-
porter gene ABCB1. In the TRITON study, patients’ homozygote for ABCB1 
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3435T (low expression genotype) had an increased risk of the primary out-
come measure [76]. Conversely, in the PLATO study, ABCB1 3435C (high 
expression genotype) carried the increased risk [75]. The reason for the dis-
crepancy between these studies is unclear and our understanding of the link 
between the ABCB1 allele status and the clinical response to clopidogrel 
treatment appears to be limited. 
 

Poor response and increasing clopidogrel dose 
 
Today, treatment with 300-600 mg clopidogrel LD is recommended by in-
ternational guidelines [77] and the higher dose is standard in most European 
treatment protocols for ACS. Platelet inhibition with clopidogrel is dose-
dependent, but not proportional up to LDs of 600 mg [29]. The higher 600 
mg clopidogrel LD results in earlier peak levels of platelet inhibition and an 
increase of the average platelet inhibition of 10-15% more than the clopido-
grel 300 mg LD. A higher 900 mg LD does not yield higher levels of either 
active metabolite or suppression of platelet aggregation compared to the 600 
mg LD [46]. To overcome the ceiling effect of the clopidogrel LD, a re-
peated 600 mg LD with a 24-hour interval (up to 2,400 mg) has been admin-
istered to subjects scheduled for elective PCI. With this strategy, >80% of 
subjects with high on-clopidogrel platelet reactivity reached the desired tar-
get of vasodilator-stimulated phosphoprotein (VASP) (PRI, %) <50% [78]. 
Although increasing LD results in higher mean levels of platelet inhibition a 
high intra-individual variability in the clopidogrel response remains. 

The Clopidogrel and Aspirin Optimal Dose Usage to Reduce Recurrent 
Events (CURRENT) OASIS-7 trial randomized 25,087 patients with unsta-
ble angina or MI planned for invasive treatment to a clopidogrel high versus 
standard dose treatment (600 mg LD and 150 mg MD for seven days or 300 
mg LD and 75 mg MD) [79]. The primary endpoint, 30 days combined rate 
of cardiovascular death, MI and stroke, occurred in 4.4% of patients with the 
standard low dose treatment and 4.2% of patients with the high dose treat-
ment without reaching statistical significance. Among the PCI-treated pa-
tients (little more than two-thirds of the study patients) there was a signifi-
cant reduction of the primary endpoint and ST for the high dose compared to 
the low dose group (relative risk reduction of 15% and 42% respectively) 
[80]. These results again show that a more potent P2Y12 receptor inhibition 
has greater importance in ACS patients during and immediately after stent-
ing compared to in the longer term after stenting and in those conservatively 
managed. For the PCI-treated cohort, despite reductions in MI and ST in 
patients on high dose clopidogrel, the 30-day cardiovascular mortality rates 
were identical those of the low dose clopidogrel-treated patients. This lack of 
mortality benefit might have been related to the higher major bleeding rates 
among high dose compared to standard dose clopidogrel-treated patients.  
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The ongoing Gauging Responsiveness with a VerifyNow® Assay Impact 
on Thrombosis and Safety (GRAVITAS) trial designed to evaluate whether 
a tailored clopidogrel therapy for clopidogrel poor responders (additional LD 
and 150 mg clopidogrel MD for 6 months) as compared to a standard clopi-
dogrel regimen reduces major adverse cardiovascular events after drug-
eluting stent implantation [81]. 

Direct acting P2Y12 inhibitors 
Ticagrelor 

 
Ticagrelor is an oral platelet inhibitor that acts directly on the P2Y12 receptor 
and does not require metabolic activation for activity [82]. Ticagrelor binds 
reversibly to the P2Y12 receptor at a site distinct from the ADP binding site 
preventing P2Y12 signaling and does not, like the thienopyridines, cause a 
permanent structural change in the receptor. Compared to clopidogrel, tica-
grelor exhibits faster and greater platelet inhibition [82]. The study of Plate-
let Inhibition and Patient Outcomes (PLATO) was a head-to-head Phase III 
randomized trial, including 18,624 patients with ACS, comparing ticagrelor 
(180 mg loading dose (LD), 90 mg twice daily maintenance dose (MD) and 
clopidogrel (300-600 mg LD, 75 mg MD). The primary composite endpoint 
was cardiovascular death, MI, and stroke at a mean follow-up of 11 months 
[83]. The primary endpoint occurred in 9.8% of patients receiving ticagrelor 
compared to 11.7% in patients receiving clopidogrel [84]. Importantly, the 
rate of death was also reduced by ticagrelor (4.5% vs 5.9% for ticagrelor and 
clopidogrel respectively, p<0.001). Patients on ticagrelor experienced a simi-
lar overall rate of PLATO-defined major bleeds but a higher rate of TIMI 
major non CABG related bleeding (2.8% vs. 2.2%, p<0.001). There was, 
however, a numerically lower event rate in TIMI major CABG related bleed-
ing with ticagrelor (47.9% in ticagrelor treated patients vs. 49.2% for clopi-
dogrel). In patients with an intended early invasive management, the inci-
dence of ST was reduced independent of the clopidogrel LD in both treat-
ment arms prior to randomization [85].  

 

Elinogrel 
 

Elinogrel (PRT060128, PRT128) is an investigational, reversible and direct 
acting P2Y12 inhibitor. Elinogrel is the first P2Y12 receptor inhibitor to be 
available in both intravenous and oral formulation. Phase I studies of eli-
nogrel have demonstrated high levels of P2Y12 inhibition following single 
oral doses [86]. Both oral and intravenous forms of elinogrel were compared 
to clopidogrel in the Novel Intravenous and Oral P2Y12 Inhibitor, in Non-



 24 

Urgent PCI (INNOVATE-PCI) Phase IIb trial [87]. In the PD sub-study, 
patients randomized to elinogrel 100 mg and 150 mg twice daily had greater 
platelet inhibition than those treated with clopidogrel. The study showed no 
difference in serious adverse events such as minor or major bleeds between 
oral treatment groups. Elinogrel administered intravenously was also well 
tolerated. The study was not powered for ischemic endpoints [88]. 

Comparison of prasugrel and ticagrelor efficacy 
 
Two different studies have presented a head-to-head comparison of the effi-
cacy of the direct P2Y12 inhibitor ticagrelor (PLATO) with clopidogrel and 
of the third generation thienopyridine prasugrel (TRITON) with clopidogrel 
[44, 84]. Although there were similarities in the two trials (i.e. identical pri-
mary efficacy endpoint and patient demographics), there were substantial 
differences [89]. The sample size in the PLATO trial was about 30% larger. 
The TRITON trial only studied ACS patients with planned invasive treat-
ment whereas the PLATO trial included both invasively and conservatively 
managed patients with ACS. The PLATO trial randomized up front and al-
lowed pre-treatment with clopidogrel in high doses in both treatment arms 
while the TRITON trial did not allow pre-treatment and randomized 
NSTEMI-ACS patients after coronary angiography. Key differences and 
outcomes are described in Table 1. Due to the considerable differences in 
trial populations any direct cross trial comparison of the results should be 
done with great caution. Both agents reduce ischemic complications at the 
price of an increased risk of spontaneous bleeds. 
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Table 1. The TRITON and PLATO trials: baseline characteristics and clinical out-
comes 

 
 

TRITON PLATO 

 
Baseline characteristics 
 

  

Numbers of patients randomized to clopidogrel 6795 9291 
ST-elevation MI, % 26 38 
Coronary anatomy known at inclusion Yes No 
Pretreatment with clopidogrel, % 0 46.1 
Coronary artery bypass grafting, % 1 4.7 
Clopidogrel loading dose ≥600 mg, % 0 >19.6 
Use of glycoprotein IIb/IIIa inhibitor, % 55 26.8 
Follow up (months) 6-15 12 
 
Clinical outcomes 
 

  

Reduction of all-cause mortality,  % ≤4.57 21.15 
Reduction in cardiovascular mortality, % 11.33 21.14 
Reduction in non-fatal MI (clopidogrel and experimental),  % 9.5 to 7.3 6.9 to 5.8 
Reduction in probable or definitive stent thrombosis, % 52 25 
Fatal bleeding events versus clopidogrel (n) 21/5 20/23 
 
Adapted from Serebruany, The TRITON versus PLATO trials: differences beyond platelet inhibition, 
Thromb Haemost, 2010. 103(2): p 256-61 
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Aims 

Dual antiplatelet therapy is recommended for patients with ACS and those 
undergoing stent implantation. Poor responsiveness to standard clopidogrel 
treatment has prompted the development of new, more potent P2Y12 inhibi-
tors. The main objectives of this thesis were to further characterize the ef-
fects of the new, more potent third generation thienopyridine, prasugrel, in 
patients with coronary artery disease and to evaluate the clopidogrel anti-
platelet response in patients with stent thrombosis or myocardial infarction 
after stent implantation. The more specific aims of this thesis were: 

 
 To compare the pharmacodynamic and pharmacokinetic effects of 

prasugrel loading and maintenance doses with a high bolus dose of 
clopidogrel and maintenance doses in patients with stable coronary 
artery disease. 

 
 To investigate mechanisms behind clopidogrel poor response. 

 To investigate whether variation in cytochrome P-450 enzymes and 
especially CYP2C19 affect generation of the active metabolite of 
clopidogrel and prasugrel. 

 To evaluate the reliability and utility of a point-of-care device to 
monitor P2Y12 inhibition with current gold standard methods. 

 To evaluate the on-clopidogrel platelet inhibition in patients with 
angiographically confirmed ST or MI while on dual antiplatelet 
therapy after coronary stenting with patients without coronary 
ischemic events after coronary stenting. 

 To establish a cut-off level of platelet inhibition separating patients 
with ST or MI after stent implantation from patients without coro-
nary ischemic events after coronary stenting. 
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Methods 

Study Design and Patient Populations 
 
The TABR trial 
 
The TABR trial (covered in Papers I-III) was a two-center, randomized, 
double-blind, two-arm parallel group study in subjects with stable athero-
sclerosis.  Subjects received either prasugrel as a single 60 mg LD followed 
by 10 mg daily MD or clopidogrel as a single 600 mg LD followed by 75 mg 
daily MDs. All subjects was initially treated with aspirin 75 mg daily aspirin 
for 5 to 21 days and remained on that dose until the end of study. 

Following the aspirin lead-in period, during Visit 2 (Day 1), subjects were 
randomly assigned to blinded treatment with either prasugrel or clopidogrel.  
All enrolled subjects were administered a single LD of either 60 mg pra-
sugrel or 600 mg clopidogrel followed by 28 ± 3 days of daily maintenance 
dosing with either prasugrel 10 mg or clopidogrel 75 mg, for a total of 29 ± 3 
days of treatment with study drug (Figure 3). 

TABR Study Design

Subjects Enrolled
(N=110)

Aspirin 75 mg/day
for 5-21 days

(N=110; 101 males)

Subjects Randomized
(N=110)

Clopidogrel
600 mg LD x 1 day
(n=55; 53 males)

Prasugrel
60 mg LD x 1 day
(n=55; 48 males)

LD = loading dose; MD = maintenance dose

++Clopidogrel
75 mg MD daily

Aspirin 75 mg daily
x 28 ± 3 days

Prasugrel
10 mg MD daily

Aspirin 75 mg daily
x 28 ± 3 days

 
Figure 3. Study design, TABR trial 
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Subjects visited the study center on a total of five occasions:   
 
Visit 1 Screening (Day -21 to -5): Aspirin was dispensed at this visit, the 
beginning of the aspirin-only lead-in period.  The aspirin dispensed was 
for the entire study duration. 

Visit 2 Baseline (Day 1): The LD was dispensed at this visit. 

Visit 3 (Day 2): The entire supply of daily MD for Days 2 to 32 was 
dispensed at this visit.  The subjects took the first daily MD at this visit 
after blood samples had been collected. 

Visit 4 (Day 14 ± 3 days): The subjects took their daily MD at this visit 
after blood samples had been collected. 

Visit 5 (Day 29 ± 3 days): The subjects took their final daily MD at this 
visit after blood samples had been collected. 

 
In the TABR trial: 
 
We compared the pharmacodynamic and pharmacokinetic effects of pra-
sugrel 60 mg LD and 10 mg MD with clopidogrel 600 mg LD and 75 mg 
MD in patients with stable coronary artery disease. We also further eluci-
dated the mechanisms of clopidogrel poor response by determining the lev-
els of clopidogrel active metabolite and by measuring the antiplatelet effect 
after addition of clopidogrel active metabolite ex vivo (Paper I). 
 
We evaluated the utility and reliability of a point-of-care device (Veri-
fyNow®, Accumetrics) to monitor platelet P2Y12 inhibition compared to cur-
rent gold standard methods (Paper II). 
 
We assessed the hypothesis that variation in cytochrome P-450 (CYP) en-
zymes, especially CYP2C19, would affect generation of the clopidogrel 
active metabolite in patients with stable coronary artery disease treated with 
clopidogrel and prasugrel (Paper III). 

The TOPAS trial 
 

The Tailoring of Platelet Inhibition to Avoid Stent Thrombosis (TOPAS) 
trial (covered in Paper IV) was an interventional, non-randomized, open-
label clopidogrel and aspirin pharmacodynamic trial of clopidogrel P2Y12 
inhibition in patients who had experienced ST or MI within 6 months of 
coronary stenting while on dual antiplatelet treatment and their matched 
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controls who had not experienced a recurrent ischemic coronary event after 
coronary stenting.  

The SCAAR database was screened from 2005 until 2007 for patients sur-
viving an angiographically confirmed ST (definition in SCAAR: thrombotic 
stent occlusion with acute clinical presentation) occurring within 6 months 
of coronary stenting for coronary artery disease. Control patients without ST 
or MI within the timeframe from the intervention until trial inclusion were 
identified in SCAAR and The Register of Information and Knowledge about 
Swedish Heart Intensive Care Admissions (RIKS-HIA) databases. Controls 
were matched for age, gender and hospital where the coronary intervention 
was performed. Patients (ST cases, MI cases and controls) were invited to 
participate in the trial by 12 different local study sites. 

In a separate pre-study (TOPAS-TABR) patients previously enrolled in 
the TABR trial and randomized to clopidogrel in that trial were enrolled 
(n=23) and re-exposed to clopidogrel to assess the individual long-term re-
sponse to clopidogrel. 

All subjects were treated with 75 mg aspirin once daily and subjects not 
already on clopidogrel treatment were given 600 mg clopidogrel (Figure 4).  

 

TOPAS Study Design

SCAAR/RIKS-HIA database screened 
for subjects surviving ST/MI occuring within 

6 months of stenting and controls

ST Cases (n=48)
VerifyNow P2Y12, VASP

ST = stent thrombosis; o.d = once daily; PD = pharmacodynamic; MI = Myocardial Infarction

Subjects previously enrolled in TABR 
and randomized to clopidogrel (n=23)

TOPAS-TABR TOPAS

MI Cases (n=30)
VerifyNow P2Y12, VASP

Matched controls (n=50, n=28)
VerifyNow P2Y12, VASP

Subjects invited by local study sites (n=12) if ST/MI
occured while subject on dual antiplatelet treatment

All subjects on aspirin 75-160 mg o.d. Subjects not
already on clopidogrel were administered 600 mg 

clopidogrel 16-26 h prior to PD assessment

Re-exposure of clopidogrel and
repeated PD assessment 2-3 years
after initial exposure in TABR trial

 
Figure 4. Study design, TOPAS trial 
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Subjects visited the study center on one or two occasions (depending on 
whether they were already on clopidogrel or not) and entered the study in 
two groups:   
 
 Visit 1:  

 
Groups one and two: Subjects who had experienced ST or MI while 
on dual antiplatelet treatment (75 mg clopidogrel once daily MD co-
administered with 75 mg aspirin once daily) within 6 months after 
coronary stenting for coronary artery disease (ST cases and MI 
cases). 
Groups three and four: Subjects matched for gender, age and the 
hospital where the coronary intervention was performed and no ex-
perience of stent thrombosis or myocardial infarction within 6 
months of coronary stenting until enrollment (ST controls and MI 
controls). 

  
Subjects in both study groups were on aspirin 75-160 mg once daily at least 
7 days prior to enrollment. Subjects already on clopidogrel underwent blood 
sampling for bioanalytical and PD evaluation at this visit. Subjects not al-
ready on clopidogrel were given a bolus dose of clopidogrel 600 mg to take 
16-26 hours before Visit 2.  
 
 Visit 2 (Only for subjects not already on clopidogrel): The subject un-

derwent blood sampling for bioanalytical and PD evaluation.  
 
In the TOPAS trial: 
 
We compared the on-clopidogrel platelet reactivity measured with a point-of 
care device (VerifyNow® P2Y12) and flow cytometry (VASP) in patients 
with angiographically confirmed ST or MI within 6 months of coronary 
stenting with matched controls (Paper IV).  

Blood Sampling and Laboratory Methods 
Blood sampling 
 
During the TABR study, venous blood samples were collected for PD meas-
urements, including: assessment of platelet aggregation using light transmis-
sion aggregometry (LTA) with 5 and 20 M ADP as the agonists; assess-
ment of platelet aggregation using the Accumetrics VerifyNow® P2Y12 de-
vice; flow cytometric assessment of VASP phosphorylation and other bio-
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markers of platelet activation; and spiking experiments with the active me-
tabolite of clopidogrel.   

For pharmacokinetic measurements, blood samples were collected to de-
termine plasma concentrations of clopidogrel active metabolite. 
Subjects who signed a specific informed consent document for genotyping 
were included in a genetic substudy. 

In the TOPAS trial, blood samples for PD measurements and biomarkers 
were collected on one occasion, at Visit 1 or Visit 2. For patients scheduled 
for Visit 2, blood samples for safety laboratories were taken at Visit 1.  

Assessment of platelet aggregation and activity 
Light Transmission Aggregometry 
 
Platelet aggregation testing with LTA or Born aggregometry measures plate-
let aggregation in platelet-rich plasma. In the Born aggregometer platelet-
rich plasma is stirred in a cuvette at 37 °C with the cuvette placed between a 
light course and a photocell. When an agonist is added, such as ADP, the 
platelets aggregate and absorb less light resulting in increased light transmis-
sion detected by the photocell.  

In the TABR trial, ADP-induced platelet aggregation was measured in 
platelet-rich plasma by LTA on Day 1 at baseline (predose), 30 min and 1, 2, 
4 h post-LD, and pre-dose during the MD period on Day 2 (24h ± 4 h post-
LD), Day 14 ± 3 and Day 29 ± 3. Light transmission aggregometry was per-
formed within 180 minutes of venipuncture on a BioData PAP-4 optical 
aggregometer, with temperature maintained at 37ºC and using each subject’s 
platelet-poor plasma to set 100% light transmission. Platelet aggregation was 
allowed to proceed for approximately 7 minutes following the addition of 
5 µM or 20 µM ADP. Maximal platelet aggregation (MPA) was recorded as 
the highest value achieved during this observation period.  
Light transmission aggregometry was not analyzed in the TOPAS trial.  
 

VerifyNow® point-of-care device 
 
The VerifyNow® P2Y12 assay (Accumetrics, San Diego, CA, USA) is a 
whole-blood, point-of-care, light transmission-based optical detection assay 
that measures platelet-induced aggregation in a cartridge containing fibrino-
gen-coated beads [90]. The assay was performed according to the manufac-
turer’s directions. In addition to ADP, PGE1 is incorporated into the Veri-
fyNow® P2Y12 assay. PGE1 suppresses intracellular, free-calcium levels and 
thereby reduces the contribution of activation by ADP binding to P2Y1 re-
ceptors. In a separate channel, where iso-TRAP is used as the agonist, a 
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baseline value (BASE) for platelet function is obtained, independent of level 
of P2Y12 blockade. Results from the device are reported as P2Y12 reaction 
units (PRU), percent inhibition, and BASE. The percent inhibition is calcu-
lated as [(1-PRU/BASE) x 100]. 

In the TABR study we performed comparisons with the device-reported 
percent inhibition by using PRU baseline values to calculate percent inhibi-
tion as [(PRUADP0 – PRUt) / PRUADP0 x 100] where PRUADP0 is the baseline 
PRU value before administration of prasugrel or clopidogrel, and PRUt is the 
value for each subject at selected time points. The VerifyNow® P2Y12 assay 
was performed on Day 1 at baseline (pre-dose), 2 hours, and 24 hours ± 4 
hours post-LD and pre-dose during the MD period on day 14 ± 3 and day 29 
± 3 in the TABR trial. 

In the TOPAS trial, the VerifyNow®-assay was performed either at Visit 1 
(during clopidogrel maintenance dosing conditions) or at Visit 2 (16-26 
hours after a clopidogrel 600 mg intake).  
 

Flow cytometry 
 
Both LTA and VerifyNow® measure platelet aggregation, evaluating the total 
final effect of the platelet aggregation cascade. Flow cytometry, on the other 
hand, using fluorescent monoclonal antibodies and probes, gives the unique 
opportunity to measure specific aspects of platelet activation.  

Platelets in whole blood are incubated with fluorescent probes. Platelets 
in the suspension are drawn into the flow chamber in the flow cytometer and 
through the beam of a laser. Activation of the fluorophore occurs, and emit-
ted light scatter properties and fluorescence are detected. In the vasodilator-
stimulated phosphoprotein (VASP) assay, intracellular signaling followed by 
P2Y12 activation is assessed when VASP in its phosphorylated state is la-
beled by immunofluorescence using a specific monoclonal antibody. 

 

Vasodilator-stimulated phosphoprotein phosphorylation 
 
Vasodilator-stimulated phosphoprotein is non-phosphorylated in the basal 
state and the phosphorylation of VASP is regulated by the cAMP cascade. 
Prostaglandin E1 activates the cascade whereas it is inhibited by ADP 
through the P2Y12 receptor (Figure 5).  

The VASP assay was performed using a commercially available method 
according to the manufacturer’s specifications (Biocytex Platelet VASP kit, 
Marseille, FR). Samples were analyzed on an Epics XL from Beckman 
Coulter (Uppsala) and a FACS Scan from Becton Dickinson (Lund). Syn-
chronization between the flow cytometers was performed.  The platelet reac-
tivity index (PRI, %) was calculated from the corrected mean fluorescence 
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intensity (cMFI) following incubation of the platelets with either pros-
taglandin E1 alone or prostaglandin E1 + ADP as follows: 
 

PRI % = [(cMFI(PGE1)-cMFI(PGE1+ADP))/cMFI(PGE1)] x 100% 
 

The VASP assay was performed on samples obtained prior to the LD and at 
1, 2 and 24 hours after the LD and prior to the daily MD at Day 14 ± 3 and 
Day 29 ± 3 in the TABR trial. 
In the TOPAS trial, the VASP assay was performed either at Visit 1 (during 
clopidogrel MD conditions) or at Visit 2 (16-26 hours after a 600 mg clopi-
dogrel intake).  
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Figure 5. Vasodilator-stimulated phosphoprotein phosphorylation 

Assessment of clopidogrel and prasugrel pharmacokinetics 
Plasma concentrations of active metabolite 
 
In the TABR trial, active metabolites were assayed using validated liquid 
chromatography with tandem mass spectrometry detection (LC-MS/MS) 
methods at Advion BioSciences, Inc., Ithaca, NY, USA. The lower limit of 
quantification was 0.5 ng/ml. The areas under the curve (AUC) of pra-
sugrel’s and clopidogrel’s respective active metabolites in individual patients 
were estimated using an established population pharmacokinetic model [91]. 
Pharmacokinetic measurements were not performed in the TOPAS trial.  
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Spiking experiment with clopidogrel active metabolite 
 
For the clopidogrel active metabolite spiking experiment, 10 μM (final con-
centration) of active metabolite was added in vitro to samples from the 
TABR trial collected at baseline (pre LD) and on Day 29. The samples were 
incubated for 30 minutes at 37°C and then P2Y12 receptor inhibition was 
characterized using both VASP (PRI) and LTA (MPA to 5 and 20 μM ADP). 

Genetic methodology 
Genetic methodology and classification of metabolizer status 
 
DNA was isolated from peripheral blood samples anticoagulated with ethyl-
enediaminetetraacetic acid (EDTA) in the TABR trial. Genotyping was per-
formed with the Affymetrix Targeted Human Drug Metabolizing Enzyme 
and Transporter (DMET) 1.0 Assay (Affymetrix, Santa Clara, CA, USA). 
One allele (CYP2C19*17) was not available on the chip and therefore meas-
ured with PCR/RFLP. A total of 48 genetic variants comprising 54 alleles 
were therefore obtained. To assess the effect of CYP P450 genetic variation 
on the generation of prasugrel and clopidogrel active metabolite and the 
subsequent PD response, individual variants of six CYP genes known to be 
involved in the metabolism of the two drugs were classified a priori accord-
ing to their predicted metabolic phenotypes (normal, increased, or reduced 
enzymatic function). The combination of two alleles comprises a genotype 
and the various genotypes for each of the six CYP genes were placed in one 
of the following categories: extensive metabolizer (EM), defined as two 
alleles conferring normal or near-normal activity, and reduced metabolizer 
(RM), defined by at least one reduced-function allele. 

In the TOPAS trial, blood samples were drawn for future genetic assessment.  
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Statistical Analyses 

The TABR trial 
 
Maximal platelet aggregation and mean change in PRI (VASP) was com-
pared for the prasugrel 60 mg LD and the clopidogrel 600 mg LD using 
analyses of covariance (ANCOVA) with the treatment and study sites as 
fixed factors and baseline MPA/PRI as a covariate. For the MD analyses, a 
linear mixed effect model was employed. For each model, the differences 
between the treatments at each time point were calculated with 90% CI of 
the differences and p-values. Data from the clopidogrel active metabolite 
spiking experiment (LTA and VASP) were analyzed to compare the in vitro 
active metabolite-treated results to untreated samples from the same individ-
ual at time points relative to LD and MD.   

Pearson correlation was used to assess the relationship between methods. 
Lin’s concordance correlation was used to assess agreement between Veri-
fyNow® P2Y12 device-reported percent inhibition and ‘calculated percent 
inhibition’. The ‘calculated percent inhibition’ was derived as the percentage 
decrease from baseline in PRU. Cohen κ statistics were calculated to evalu-
ate the extremes of inhibition using VASP and LTA methods and to assess 
the correlation with VerifyNow®. 

To evaluate the effect of genetic variation in CYP2C19 on exposure to ac-
tive metabolite and subsequent platelet aggregation, PD responses following 
treatment with prasugrel or clopidogrel were investigated. A linear model 
testing for interaction between the genetic group (EM, RM) and the exposure 
to active metabolite, the mean log AUC0-∞, was employed. For the PD 
analyses, the mean of the EM group was compared with that of the RM 
group within each treatment group, and for each PD endpoint (VerifyNow® 
[PRU] and VASP [PRI]), by estimating two contrasts (prasugrel-EM vs. 
prasugrel-RM and clopidogrel-EM vs. clopidogrel-RM) using a similar lin-
ear model as in the pharmacokinetic analyses with baseline PD values and 
body weight as covariates.  

 

The TOPAS trial 
 
The primary objective of the TOPAS trial was to determine a cut-off level 
for platelet aggregation with VerifyNow® P2Y12 PRU.  
In the TABR study, the total variation in PRU during clopidogrel treatment 
calculated as 4 standard deviations was 7%, which corresponds to 24 units of 
PRU. The sample size calculation was precision-based in terms of width of 
the 95% confidence interval for the 10th or 30th percentile. A sample size of 
approximately 100 patients in the ST group was estimated to establish a cut-
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off level for platelet aggregation with VerifyNow® P2Y12 (PRU) providing a 
one-sided 95% confidence limit with a distance of less than 24 units from the 
10th percentile [92]. The confidence interval was calculated by using a non-
parametric bootstrapping method.  

Receiver operating characteristic (ROC) curve analyses were used to ex-
amine the ability of the VerifyNow® P2Y12 assay to distinguish between 
patients with and without ST or MI. Cut-off levels were also calculated by 
determining the PRU that provided the greatest sum of sensitivity  and speci-
ficity.  

To assess the stability of the clopidogrel response over time, comparisons 
of the individual antiplatelet response (VerifyNow® P2Y12 and VASP) were 
performed 24 hours after a 600 mg clopidogrel LD in the TABR trial (his-
torical data April-December 2006) with the antiplatelet response 16-26 hours 
post 600 mg clopidogrel LD in the present study. Values from the different 
time points were analyzed with Kappa statistics, Pearson correlation and 
Lin’s concordance analyses.  

Data were expressed as the mean ± SD for continuous variables and as 
frequencies and percentages for categorical variables. Wilcoxon test was 
used to compare continuous variables and a chi square test or Fisher’s exact 
test was used to compare the categorical variables. A p-value <0.05 was 
considered significant without correction for multiple testing. 
Statistical analysis was performed using SAS®, version 9.2, software (SAS 
Institute, Cary, North Carolina). 
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Results 

P2Y12 Receptor-Mediated Platelet Inhibition in Patients 
Randomized to Clopidogrel or Prasugrel (Papers I-III) 
Baseline characteristics TABR trial 
 
The baseline characteristics of all subjects enrolled in the TABR trial are 
shown in Table 2. Of 114 screened patients in SCAAR and RIKS-HIA, 112 
satisfied inclusion criteria and 110 subjects were enrolled in the study (101 
males, 9 females). A total of 106 subjects completed the study, according to 
the protocol. Discontinuations were due to the subject’s decision (n=2) and 
at the request of the investigator due to anemia and inadequate venous  
access (n=2).  

Table 2. Baseline characteristics of patients enrolled in the TABR trial 

  Prasugrel 
60 mg LD/ 
10 mg MD 
N=55 (%) 

Clopidogrel  
600 mg LD/ 
75 mg MD 
N=55 (%) 

Gender Male 48 (87) 53 (96) 
 Female 7 (13) 2 (4) 
Age (years) Mean (SD) 62 ± 6.1 64 ± 6.2 
 Range 47 – 73 47 -75 
Body weight (kg) Mean (SD) 87.3 ± 13.5 84.3 ± 11.7 
 Range 51.5 – 143.6 65.3 – 125.0 
Hypertension 38 (69) 33 (60) 
Diabetes mellitus 11 (20) 9 (16) 
Hyperlipidemia 47 (85) 52 (95) 
Stable angina pectoris 31 (56) 33 (60) 
Prior unstable angina 10 (18) 2 (4) 
Prior myocardial infarction 37 (67) 39 (71) 
Congestive heart failure 4 (7) 9 (16) 
Prior stroke 0 (0) 1 (2) 
Prior coronary artery bypass graft 2 (4) 7 (13) 
Prior percutaneous coronary intervention 54 (98) 54 (98) 
Angiography showing ≥50% stenosis  54 (98) 55 (100) 
ACE-inhibitor or ARB 35 (64) 40 (73) 
Beta-blocker 44 (80) 46 (84) 
Statin 48 (87) 52 (95) 
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Pharmacodynamic Analyses (Papers I and II) 
Light transmission aggregometry 
 
As measured by LTA, there was no difference in MPA at baseline. Mean 
MPA values induced by 20 μM ADP were significantly lower with prasugrel 
in the first sample, which was taken 30 minutes after administration of the 
LD, and at all time points thereafter (p <0.001). At 2 hours, the mean MPA 
was 31% with prasugrel compared with 54.7% for clopidogrel (p <0.001). 
During MD treatment (Day 14 and Day 29), the MPA values were still sig-
nificantly lower in the prasugrel group compared with the clopidogrel group 
(p <0.001; Figure 6). 
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Figure 6. Maximal platelet aggregation (% MPA) induced by (20 μM) ADP over 
time following administration of prasugrel (60 mg LD/10 mg MD) and clopidogrel 
(600 mg LD/75 mg MD).  
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Vasodilator-stimulated phosphoprotein 
 
Similar differences in platelet inhibition between treatments were observed 
using the VASP assay. There was a significantly greater reduction in PRI 
(P2Y12 receptor inhibition represented by a lower PRI) at 1, 2 and 24 hours 
after the prasugrel LD was administered (PRI of 16.0%, 8.3%, and 8.7% 
respectively) compared with the clopidogrel LD (PRI of 68.5%, 55.9%, and 
50.2% respectively; p <0.001). The reduction in PRI was also significantly 
greater after administration of the prasugrel MD compared with the clopido-
grel MD (Figure 7). 
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Figure 7. Platelet reactivity index (PRI, %) from VASP phosphorylation over time 
following administration of prasugrel (60 mg LD/10 mg MD) and clopidogrel (600 
mg LD/75 mg MD).  

Point-of-care testing with VerifyNow® P2Y12 
 
Using the point-of-care device VerifyNow® P2Y12, the prasugrel 60 mg 
LD/10 mg MD regimen also resulted in more rapid and greater inhibition of 
platelet function (reported as PRU) than the clopidogrel 600 mg LD/75 mg 
MD regimen (data not shown).  
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Treatment with both prasugrel and clopidogrel also resulted in a reduction 
of BASE values at all time points. With VerifyNow®, device-reported per-
cent inhibition is calculated as (1-PRU/BASE). The baseline value of platelet 
inhibition (BASE) is obtained by using iso-TRAP as an agonist in a separate 
channel, which is claimed by the manufacturer to be independent of P2Y12 
inhibition. The prasugrel LD resulted in the most pronounced change in 
BASE with a maximal reduction at 2 hours of 24%.  

We used calculated percent inhibition (percentage decrease from baseline 
PRU) to compare if this change in BASE values affected device reported 
percent inhibition. As illustrated by the scatter plot comparing calculated and 
device-reported percent inhibition, the reduction in BASE values led to an 
underestimation of the P2Y12 inhibition when device-reported percent inhibi-
tion was used (Figure 8). 

V
N

-P
2

Y
12

 %
 in

hi
bi

tio
n 

(c
al

cu
la

te
d)

0

10

20

30

40

50

60

70

80

90

100

VN-P2Y12 % inhibition reported
0 10 20 30 40 50 60 70 80 90 100

VerifyNow™ P2Y12 % inhibition (reported)

V
er

if
yN
ow

™
P

2
Y

12
%

 i
n

h
ib

it
io

n
(c

a
lc

u
la

te
d

)

Figure 8. Relationship between percent inhibition reported by VerifyNow® P2Y12 
and calculated percent inhibition with PRU at baseline (pre-dose).  
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Pharmacokinetic Analyses and Pharmacokinetic 
Pharmacodynamic Correlations (Papers I-II) 
 
Following the 60 mg prasugrel LD, active metabolite concentrations peaked 
at early time points (30 minutes) and were higher than those after the 600 mg 
clopidogrel LD. Similarly, active metabolite concentrations for prasugrel 
were also higher than those for clopidogrel during MD treatment (Figure 9). 
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Figure 9. Plasma concentrations of prasugrel and clopidogrel active metabolites 
following administration of loading dose and maintenance dose. Lowest limit of 
quantification was 0.5 ng/mL.  

Compared to a 600 mg clopidogrel LD, the higher exposure to active me-
tabolite after a 60 mg prasugrel LD produced a lower PRI (VASP) and PRU 
(VerifyNow® P2Y12) with smaller inter-subject variability. An AUC of ac-
tive metabolite above 0.5 μM*h did not further reduce PRI, indicating a 
maximal effect of the platelet inhibition (Figure 10A). During MD, the rela-
tionship between log AUC of active metabolite and PRI was similar for both 
prasugrel and clopidogrel (r=-0.81, P <0.001) (Figure 10B). 
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Figure 10. Scatter plot of platelet reactivity index (PRI, %) at 24 h (post-LD) (A) 
and maintenance dosing (B) vs. area under the curve (AUC; μM*h). 
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Clopidogrel Active Metabolite Spiking Experiment 
(Paper I) 
 
Clopidogrel’s active metabolite added ex vivo to patient blood samples taken 
before the loading or maintenance doses led to a lower PRI (%) in all sam-
ples, including those from patients with a poor response to the clopidogrel 
loading dose (Figure 11). In prasugrel-treated patients, the PRI levels fol-
lowing addition of the clopidogrel active metabolite was similar to the sam-
ples 2 hours after the prasugrel LD which were already at their maximum 
effect (Figure 12). Results measured with LTA (% MPA) were similar to 
results reported with PRI (%) (Data not shown).  
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Figure 11. Individual levels of Platelet Reactivity Index (PRI, %) before and after 
addition of active metabolite for subjects on clopidogrel. 

 
Figure 12. Individual levels of Platelet Reactivity Index (PRI, %) before and after 
addition of active metabolite for subjects on prasugrel. 
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Correlation between Pharmacodynamic Methods  
(Paper II) 
 
The pattern of inhibition of platelet function observed with VerifyNow® 
P2Y12 was similar to that observed with LTA and VASP. Prasugrel resulted 
in a more rapid and greater inhibition of platelet function than clopidogrel. 
The VerifyNow® P2Y12 assay correlated strongly with inhibition of P2Y12 
function as measured with either VASP or LTA up to levels associated with 
assumed saturation of the P2Y12 receptor. The correlation between PRI 
(VASP) and PRU (VerifyNow® P2Y12) was r=0.86 during LD phase and 
0.81 during MD phase (Pearson, both p<0.0001). However, at low PRI lev-
els (high levels of P2Y12 inhibition) the VerifyNow® P2Y12 device was un-
able to differentiate levels of P2Y12 inhibition as measured with VASP. 
When comparing values from the different assays at the extremes of platelet 
inhibition with κ statistics, a lower level of agreement was seen during con-
ditions with high levels of platelet inhibition (Table 3). 
 

Table 3. Stratification of platelet activity into quartiles and agreement of different 
assays (VerifyNow® P2Y12 vs VASP or VerifyNow® P2Y12 vs LTA) at the ex-
tremes of platelet inhibition during MD and LD conditions. 

Level of platelet inhibition  
Simple Kappa  

(κ, 95% CI) 

High Platelet Inhibition: Quartile 1 vs. Quartiles 2-4 

LD 0.35 (0.20-0.49) 
% PRI vs. PRU  

MD 0.55 (0.42-0.68) 
LD 0.54 (0.41-0.67) 

% RPA (20 μM ADP) vs. PRU 
MD 0.52 (0.39-0.66) 

Low Platelet Inhibition:  Quartile 4 vs. Quartiles 1-3 

LD 0.79 (0.69-0.89) 
% PRI vs. PRU  

MD 0.66 (0.54-0.78) 
LD 0.75 (0.64-0.85) 

% RPA (20 μM ADP) vs. PRU 
MD 0.66 (0.54-0.77) 
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Influence of CYP-P450 Activity on Clopidogrel and 
Prasugrel Pharmacokinetic and Pharmacodynamic 
Response (Paper III) 
Genotyping results 
 
Of the 110 patients in the main study, 98 patients participated in the genetic 
testing, 51 in the prasugrel group and 47 in the clopidogrel group. The over-
all genotyping success rate was 98.8%. CYP2C19, CYP2C9 and CYP3A4 
had a 100% success rate with all alleles determined for all patients for these 
genes. The frequency of reduced metabolizers (RM) was sufficient to com-
plete analyses for CYP3A5, CYP2C19, CYP2C9 and CYP2B6 (Table 4). 
  

Table 4. Genotyping results (EM=extensive metabolizer, RM=reduced metabolizer) 

Gene Predicted  
Phenotype 

Observed genotype Prausgrel 
N (%) 

Clopidogrel 
 N (%) 

CYP1A2 EM 
*1A/*1A, *1A/*1D, 

*1A/*1E,  
*1D/*1D, *1D/*1E 

49 (96) 45 (96) 

 RM *1C/*1D 0 (0) 1 (2) 

CYP2C19 EM *17/*17, *1A/*17, 
*1A/*1A 35 (69) 37 (79) 

 RM *1A/*2A, *1A/*8, 
*2A/*2A 15 (29) 9 (19) 

 Uncertain func-
tional status *2A/*17 1 (2) 1 (2) 

CYP2B6 EM *1A/*1A, *1A/*1C, 
*1C/*1C 29 (57) 29 (62) 

 RM *1A/*9, *1C/*9, *9/*9 21 (41) 17 (36) 

CYP2C9 EM *1A/*1A, *1A/*2A, 
*1A/*12 

41 (80) 40 (85) 

 RM *1A/*3A, *2A/*2A, 
*2A/*3A 

9 (18) 7 (15) 

CYP3A5 EM *1A/*1A, *1A/*3A 4 (8) 11 (23) 
 EM *3A/*3A 46 (90) 35 (74) 

 



 47 

Relationship between CYP metabolizer status and 
pharmacokinetic and pharmacodynamic response 
 
In prasugrel-treated patients, there was no relationship between exposure to 
the active metabolite and CYP2C19-predicted metabolizer status.  
Conversely, in clopidogrel-treated patients, a lower total plasma exposure 
(AUC) of clopidogrel’s active metabolite was observed in RMs as compared 
to those with CYPC19 extensive metabolizer (EM) status (p=0.0015)  
(Figure 13).  

 
Figure 13. Comparison of prasugrel 60 mg and clopidogrel 600 mg loading dose 
exposure of active metabolite by CYP2C19 classification. Box represents median, 
25th, and 75th percentiles and whiskers represent the most extreme values within 1.5 
inter-quartile range of the box. 
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CYP2C19 RM genotypes treated with clopidogrel exhibited a reduced PD 
response, as measured with VASP, compared with those with CYPC19 EM 
genotypes. For CYP2C9, CYP2B6 and CYP3A5 there was no effect of geno-
type on the exposure to either active metabolite or PRI measured by VASP 
or the VerifyNow® P2Y12 device (Figure 14).  

 

Figure 14. Ratio EM/RM or difference (EM-RM) for pharmacokinetic and pharma-
codynamic responses for CYP2C19, CYP2B6, CYP2C9 and CYP3A5. Mean and 
95% confidence interval for ratio (AUC at LD) or difference (VASP PRI at 24 h 
post-LD and MD Days 14 and 29) is derived from a linear model and is plotted for 
each CYP gene.  

Long Term Stability of the Clopidogrel Antiplatelet 
Response (Paper IV) 
 
To evaluate the long-term stability of the clopidogrel response in patients 
with stable coronary artery disease, we re-exposed subjects to 600 mg clopi-
dogrel 2-3 years after their initial exposure in the TABR trial and compared 
the PD assessment at the different time points. A subject was considered to 
be a poor responder to clopidogrel if VASP (PRI, %) was >50 [56].  
The correlation between measurements after the initial (TABR 24 h post-
LD) and re-exposure LD (TOPAS 16-26 h post-LD) was 0.63 and 0.74 for 
VASP (PRI, %) and 0.69 and 0.8 for VerifyNow® P2Y12 (PRU) (Lin’s and 
Pearson, all p<0.001).  
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The κ value for agreement of poor-responder status 16-26 h (VASP >50%) 
after initial LD and re-exposure LD was 0.81 (0.5-1.0, 95% CI) reflecting a 
substantial agreement. Only 2 out of 23 patients changed their responder 
status between the two 16-26 h post-LD measurements (Data not shown).  

Relationship between Clopidogrel Induced Platelet 
P2Y12 Inhibition and Stent Thrombosis or Myocardial 
Infarction (Paper IV) 
Baseline characteristics TOPAS trial 
 
Baseline characteristics of patients enrolled in the ST, MI and control groups 
in the TOPAS trial are shown in Tables 5 and 6. For patients with ST and 
their controls, the overall average age was 68 ± 9 years and 83% were male. 
Most patients underwent emergent PCI due to ACS. Patients with an-
giographically confirmed ST and MI were characterized by higher rates of 
prior MI and congestive heart failure compared to controls. Patients with ST 
also had more stents implanted in more complex lesions compared to con-
trols. Forty patients had early ST (0-30 days) and 8 patients had late ST (> 
30 days). The median time from stent procedure to MI was 64 days (inter-
quartile range 17.0 – 118).  
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Table 5. Baseline characteristics of enrolled patients with angiographically con-
firmed stent thrombosis and controls 

  Stent 
thrombosis 
N=48 (%) 

Controls 
N=50 (%) 

P-value 

Gender Male 40 (83) 42 (84) 1.00 
 Female 8 (17) 8 (16) - 
Age (years) Mean (SD) 68 ± 9.4 69 ± 8.3 0.77 
Body Mass 
Index (BMI) 

Mean (SD) 28 ± 4.9 26 ± 3.3 0.02 

Hypertension 27 (56) 23 (46) 0.32 
Diabetes mellitus 16 (33) 8 (16) 0.06 
Hyperlipidemia 33 (69) 35 (70) 1.00 
Stable angina pectoris 23 (48) 22 (44) 0.84 
Prior unstable angina 16 (33) 19 (38) 0.68 
Prior myocardial infarction 46 (96) 32 (64) <0.01 
Congestive heart failure 17 (35) 5 (10) <0.01 
Prior stroke 3 (6) 3 (6) 1.00 

Reason for stent procedure 
ST elevation myocardial infarction 
Non ST elevation myocardial infarction 
Stable coronary artery disease  

 
21 (44) 
20 (42) 
7 (15)  

 
13 (26) 
25 (50) 
12 (24)  

 
0.09 
0.43 
0.31  

Coronary stenosis ≥ 50 % 
None 
Left main 
Left anterior descending 
Left circumflex 
Right coronary 
Bypass graft  

 
1 (2) 
1 (2) 

37 (77) 
23 (48) 
22 (46) 
4 (8)  

 
0 (0) 
2 (4) 

30 (60) 
23 (46) 
22 (44) 
4 (8)  

 
1.00 
1.00 
0.08 
1.00 
1.00 
1.00  

Lesion type (ACC/AHA) 
A 
B1 
B2 
C 
Bifurcation lesion 
Restenotic lesion  

 
9 (9) 

24 (24) 
42 (42) 
24 (24) 
16 (16) 
 8 (8)  

 
12 (16) 
27 (37) 
18 (24) 
17 (23) 
9 (12) 
0 (0)  

 
<0.05* 

- 
- 
- 

0.52 
0.01  

    
No of stents per patient 2.1 ±1.1 1.5 ±0.7 <0.01 
Stented diameter (mm)** 3.0 ± 0.5 3.0 ± 0.6 0.95 
Total stent length (mm)** 17.8 ± 5.9 17.0 ± 6.4 0.15 
ACE-inhibitor or ARB 39 (81) 32 (64) 0.07 
Beta-blocker 43 (90) 38 (76) 0.11 
Statin 43 (90) 48 (96) 0.26 
Proton pump inhibitor 15 (31) 10 (20) 0.25 
    

* P-value for lesion types A to C 
** Number of stents in stent thrombosis patients and controls 99 and 74 respectively. 
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Table 6. Baseline characteristics of enrolled patients with myocardial infarction and 
controls 

  Myocardial 
infarction 
N=30 (%) 

Controls 
N=28 (%) 

P-value 

Gender Male 22 (73) 19 (68) 0.77 
 Female 8 (27) 9 (32) - 
Age (years) Mean (SD) 70 ± 10.6 70 ± 8.9 0.85 
Body Mass 
Index (BMI) 

Mean (SD) 28 ± 4.9 27 ± 4.0 0.47 

Hypertension 20 (67) 19 (68) 1.00 
Diabetes mellitus 8 (27) 6 (21) 0.76 
Hyperlipidemia 27 (90) 20 (71) 0.04 
Stable angina pectoris 19 (63) 18 (64) 1.00 
Prior unstable angina 9 (30) 9 (32) 1.00 
Prior myocardial infarction 30 (100) 15 (54) <0.01 
Congestive heart failure 6 (20) 1 (3.6) 0.10 
Prior stroke 2 (7) 0 (0) 0.49 

Reason for stent procedure 
ST-elevation myocardial infarction 
Non-ST elevation myocardial infarction 
Stable coronary artery disease  

 
6 (20) 
20 (67) 
4 (13)  

 
7 (25) 
13 (46) 
8 (29)  

 
0.76 
0.18 
0.20  

Coronary stenosis ≥ 50% 
None 
Left main 
Left anterior descending 
Left circumflex 
Right coronary 
Bypass graft  

 
0 (0) 
1 (3) 

18 (60) 
17 (57) 
15 (50) 
5 (17)  

 
0 (0) 
1 (4) 

14 (50) 
10 (37) 
15 (54) 
1 (4)  

 
- 

1.00 
0.60 
0.19 
0.80 
0.20  

    
ACE-inhibitor or ARB 22 (73) 21 (75) 1.00 
Beta-blocker 27 (90) 24 (86) 0.70 
Statin 30 (100) 26 (93) 0.22 
Proton pump inhibitor 9 (30) 1 (3.6) 0.01 
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Response to clopidogrel measured with VerifyNow® P2Y12 and 
vasodilator-stimulated phosphoprotein  

 
The PRU (VerifyNow® P2Y12) in patients with angiographically confirmed 
ST was significantly higher compared to controls (246.8 ± 75.9 vs 200.0 ± 
82.7, p<0.01) (Figure 15). The platelet inhibition expressed as device-
reported % inhibition for patients with and without ST was 23 ± 20.9 and 
37.5 ± 23.1, p<0.01, respectively. 

 
Figure 15.  VerifyNow® P2Y12 expressed as PRU in patients with angiographically 
confirmed stent thrombosis and their matched controls without coronary ischemic 
events after percutaneous coronary interventions. (Median, inter-quartile range, 75th 
to 25th percentile)  

The PRU (VerifyNow® P2Y12) in patients with MI was 169.0 ± 87.1  com-
pared to 200.3 ± 80.4 in controls (p=0.08) (Table 7). The device reported  
% inhibition was significantly higher in patients with MI than controls (45.1 
±23.8 vs. 32.1 ± 23.2, p=0.02).  

VASP (PRI, %) did not differ between patients with ST and the controls 
(61.4 ± 18.6 vs. 58.4 ± 20.2, p=0.47) but was lower in patients with MI com-
pared to the controls (50.6 ± 19.2 vs 61.6 ±17.4, p=0.025). 
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Table 7. VerifyNow® P2Y12 expressed as PRU and % inhibition and VASP (PRI, 
%) (mean ± SD) in patients with spontaneous myocardial infarction and their 
matched controls without coronary ischemic events after percutaneous coronary 
interventions 

  Myocardial infarction
(N=30) 

Controls 
(N=28) 

P 

VerifyNow® PRU 169 ± 87.1 200.3 ± 80.4 0.08 
 % INH 45.1 ± 23.8 32.1 ± 23.2 0.02 
VASP 
 

PRI, % 50.6 ± 19.2 61.6 ± 17.4 0.03 

Determination of cut-off levels of platelet inhibition with 
VerifyNow® P2Y12 separating patients with and without stent 
thrombosis 
 
Receiver operating characteristics (ROC) curve analyses of on-clopidogrel 
platelet reactivity measured with VerifyNow® P2Y12 (PRU) demonstrated 
that PRU was able to distinguish between ST patients and controls (area 
under the curve 0.688 (95% CI 0.581-0.796, p<0.001) (Figure 16). The op-
timal cut-off level was identified as PRU ≥222 providing a sensitivity of 
70.2% and specificity of 67.3%. For device-reported percent inhibition the 
optimal cut-off level was identified as 24% inhibition (sensitivity 64%, 
specificity 74%).  

The PRU level at the 30th percentile (29.8%, n=14) for ST cases was 222.  
Sixty seven percent of the ST controls (n=33) had PRU levels below this cut 
point (p<0.001). The PRU level at the 10th percentile (8.5%, n=4) for ST 
cases was 123 with 20.4% (n=10) of the ST controls below this level 
(p=0.15). 

 
Figure 16.  Receiver operating characteristics curve for VerifyNow® P2Y12 (PRU). 
An area under the curve of 0.688 was observed (p<0.001).  
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Discussion 

This thesis investigated the effects of clopidogrel and the new P2Y12 inhibi-
tor prasugrel in patients with stable coronary artery disease. We also studied 
the clopidogrel antiplatelet effect in patients who had experienced ST or MI 
while on clopidogrel within 6 months of coronary stenting. We have not only 
characterized the pharmacodynamic and pharmacokinetic responses of two 
thienopyridines in a patient population, but also the most likely mechanism 
underlying inter-individual platelet responses to clopidogrel. We have shown 
different levels of the on-clopidogrel antiplatelet effect in patients with and 
without ST after coronary stenting. Our results question the usefulness of 
tailoring the antiplatelet treatment for individual patients because of the lim-
ited sensitivity and specificity of measurements of platelet inhibition levels 
relative to the risk of ST. 

 

Inhibition of ADP-induced aggregation by LTA with clopidogrel and 
prasugrel 
 
The results of the TABR study presented in Paper I clearly demonstrate that 
a 60 mg prasugrel LD provides a more rapid onset and greater inhibition of 
ADP-induced platelet aggregation than that achieved with a 600 mg clopi-
dogrel LD. 

After administration of the 10 mg prasugrel MD, VASP (PRI, %) values 
remained significantly lower compared to the 75 mg clopidogrel MD al-
though during maintenance dosing, the difference was halved compared with 
the results observed after administration of the prasugrel LD. The MDs of 
both prasugrel and clopidogrel were selected for the completed Phase III 
TRITON-TIMI 38 study based on estimates of optimal balance between 
safety and efficacy from earlier trials [93, 94]. The greater speed of onset 
and magnitude of the platelet inhibitory effect with prasugrel translated into 
a 2.2% absolute and 19% relative reduction in the rate of death from cardio-
vascular causes, nonfatal MI, or nonfatal stroke and an increased risk of 
bleeding, including fatal bleeds. The PD results we report in Paper I, show-
ing faster and greater platelet inhibition with prasugrel compared to clopido-
grel in patients with stable coronary artery disease, have been confirmed in 
the ACS population in a PD sub-study from the TRITON-TIMI 38  
study [95]. 
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Light transmission aggregometry using ADP as the agonist for assessing 
P2Y12 effects is confounded because ADP receptor subtypes other than 
P2Y12 can be activated and contribute to platelet aggregation [96]. Flow 
cytometric assessment of VASP phosphorylation is a relatively new assay 
that measures P2Y12 function more directly. This assay is less dependent 
than ADP-induced LTA on other pathways to yield the final assay endpoint. 
Thus, it is more suitable for comparing specific P2Y12 inhibitory effects of 
thienopyridines [97]. Results from the VASP analyses illustrated a larger 
difference in P2Y12 inhibition between the treatments than the LTA meas-
urements. This difference was most likely due to the fact that LTA is also 
reflecting P2Y1 receptor–mediated aggregation, which is not inhibited by 
clopidogrel or prasugrel.  

Other disadvantages of LTA for monitoring the P2Y12 inhibitory effect of 
thienopyridines include the expense, length of sample preparation and assay 
time, high sample volume, and poor reproducibility [98]. Moreover, the 
more P2Y12-specific VASP assay is still complex, time consuming and re-
quires special laboratory facilities. Point-of-care devices to assess platelet 
inhibition in the clinical setting have been developed to monitor and poten-
tially tailor antiplatelet therapy.  
 

Other methods to evaluate the antiplatelet effect of clopidogrel and 
prasugrel 
 
As an alternative estimate of the PD effects we evaluated the utility and reli-
ability of the point-of-care device VerifyNow® P2Y12 compared to current 
gold standard methods (LTA and VASP) in Paper II. Because of the disad-
vantages with LTA described above, other methods specifically assessing 
P2Y12 activity, such as VASP, have been developed to more accurately re-
flect P2Y12 receptor functionality. VerifyNow® is a point-of-care test based 
on platelet aggregation assessing the overall platelet function. In addition to 
ADP, Prostaglandin E1 is incorporated into the assay. This suppresses intra-
cellular free-calcium levels and thereby reduces the contribution of platelet 
activation by ADP-binding to the P2Y1 receptor.  

In Paper II, the VerifyNow® P2Y12 correlated strongly with the inhibi-
tion of P2Y12 measured with both LTA (irrespective of the LTA parameter 
used) and VASP at sub-maximal levels of platelet inhibition. However at 
maximal levels of platelet inhibition, the device did not differentiate the very 
high levels of platelet inhibition achieved after the prasugrel LD. This might 
be a potential weakness of the device, especially when new, more potent 
P2Y12 inhibitors such as prasugrel and ticagrelor are evaluated, especially in 
relation to the risk to bleeding.  

In the TOPAS trial (Paper IV) VerifyNow® P2Y12 distinguished between 
patients with or without previous ST while VASP did not. Given the high 
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level of correlation we reported from the TABR trial this was somewhat 
surprising. VerifyNow® and VASP identify different aspects of on-
clopidogrel platelet reactivity. A global test assessing overall platelet activity 
with either impedance or light aggregometry has been suggested as a better 
predictor of ST than VASP [99, 100] although others have shown higher PRI 
levels in patients who have experienced ST compared to the  
controls [55, 56]. 

The VerifyNow® device seems to offer a convenient method for assessing 
the thienopyridine treatment effect in daily practice. The VerifyNow® P2Y12 
device is now being assessed prospectively in at least two different clinical 
trials evaluating a tailored antiplatelet approach based on platelet function 
testing [81, 101].  
    

Pharmacokinetics with clopidogrel and prasugrel 
 
Previous studies of prasugrel have shown that the antiplatelet potency of 
prasugrel is about 10 times higher than clopidogrel in rats and humans. From 
studies in rats, the greater in vivo potency of prasugrel compared to clopido-
grel was reflected by a greater generation of active metabolite [43]. Further-
more, the in vitro antiplatelet effects of the prasugrel and clopidogrel active 
metabolites have shown a similar antiplatelet activity.  

Our pharmacokinetic results from the TABR trial, reported in Paper I, 
show earlier, higher peak levels, and greater exposure to prasugrel’s active 
metabolite compared with clopidogrel and provide the mechanistic basis for 
the faster onset and greater inhibition of P2Y12-mediated platelet aggregation 
with prasugrel. Poor responders to clopidogrel also have low levels of circu-
lating active metabolites. The correlation between the level of active metabo-
lite and the level of platelet inhibition was linear up to those levels of active 
metabolite associated with saturation of the P2Y12 receptor. The linearity of 
correlation and the variable proportions of poor responders using several 
definitions of “clopidogrel resistance” [102] bring the validity of the current 
definitions of clopidogrel poor response based on arbitrary thresholds into 
doubt [103].  

Our results show that patients with diabetes were over-represented as 
poor responders and had lower levels of active metabolite [102]. This sup-
ports results from Angiolillo et al which have shown that patients with dia-
betes mellitus are more prone to clopidogrel poor responsiveness. Further-
more, the higher on-clopidogrel platelet reactivity in diabetic patients has 
been associated with an increased risk of cardiovascular events [104, 105]. 
In the TRITON trial patients with diabetes had a greater relative reduction of 
MI in favor of prasugrel compared to clopidogrel but without a statistically 
significant treatment interaction for their diabetes status. When combining 
safety and efficacy, the net clinical benefit was greater for patients with dia-



 57 

betes (26%) than without (8%) [106]. The underlying mechanisms behind 
these lower levels of active metabolite in diabetic patients remain unclear 
although increased esterase activity and reduced gastric motility have been 
proposed as explanations for decreased bio-availability.  

 

Mechanisms for clopidogrel poor response 
 
The variable response to clopidogrel has been extensively described in dif-
ferent clinical settings and the catchy term “clopidogrel resistance” has 
gained traction in recent years. Several potential mechanisms have been 
proposed to explain clopidogrel response variability [107]. These suggested 
mechanisms involve: reduced bio-availability (i.e. non-compliance to ther-
apy, poor absorption and drug-to-drug interactions), genetic variables (i.e. 
polymorphisms of P2Y12, CYP P450 and GP IIb/IIIa), increased release of 
ADP, increased P2Y12 receptors, clinical factors leading to high platelet re-
activity and increased platelet turn-over and upregulation on P2Y independ-
ent pathways (i.e. thrombin, TXA2, collagen and epinephrine) [107].  

In the TABR trial, the ex vivo addition of clopidogrel’s active metabolite 
to blood samples resulted in a decrease in PRI and MPA for all subjects, 
including those who were poor responders. This suggests that all patients’ 
P2Y12 receptors respond to thienopyridine inhibition if the concentration of 
the active metabolite reaches an adequate level [102]. The addition of active 
metabolite to samples from patients who had received a clopidogrel LD led 
to a further reduction in PRI values, indicating that P2Y12 receptors were not 
maximally inhibited but receptive to blockade. This was not observed in 
samples taken after administration of the prasugrel LD, indicating that the 
P2Y12 receptor blockade was already maximal and could not be further in-
hibited. Together, these results indicated that the variable inhibition of plate-
let aggregation observed with clopidogrel results from lower exposure to the 
active metabolite, rather than the presence of P2Y12 receptor heterogeneity 
[61, 108]. The metabolic pathways leading to the formation of prasugrel and 
clopidogrel active metabolite differ. Levels of active metabolite are closely 
related to platelet inhibition and most likely a poor response is primarily 
caused by differences in absorption or metabolism or both [51, 109]. 

Our results in this study have characterized the most likely mechanism 
underlying clopidogrel poor response.  
 

Genetic influences on the response to clopidogrel and prasugrel 
 
In Paper III we confirm previous reports from healthy volunteers [51, 70] 
that a decrease in CYP2C19 function in patients with coronary artery disease 
reduces the formation of the clopidogrel active metabolite but not the pra-
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sugrel active metabolite. These findings provide a critical link between ex-
posure of active metabolite and platelet response and correspond well to 
results from others where the CYP2C19*2 allele was associated with higher 
on-clopidogrel platelet reactivity which in turn has been linked to a wors-
ened clinical outcome after coronary stenting [52, 72].  

Poor responders to clopidogrel had an approximately 30% lower level of 
active metabolite than good responders [102]. Furthermore, for 
CYP2C19/CYP2C9-reduced metabolizers, the rate of PD poor responders to 
clopidogrel (defined as change in MPA <15%) in the TABR trial was dou-
bled compared to CYP2C19/CYP2C9-extensive metabolizers (78% of re-
duced metabolizers or 45% of extensive metabolizers, p=0.08, data not 
shown). Cytochrome P-450 function has been estimated to account for 65–
70% of the PD poor responder rate. Environmental and other genetic factors 
such as a mutation in the ABC1B gene that affects clopidogrel absorp-
tion contribute to the remaining PD poor response rate [110]. 

The genetic TABR trial results were potentially confounded by the fact 
that nearly 20% of patients (17 out of 98) were taking medications known to 
inhibit CYP function (such as the CYP2C19 inhibitors omeprazole and lan-
soprazole). In a post hoc analysis, when we grouped patients taking 
CYP2C19 inhibitors with patients with CYP2C19 RM status, differences in 
the pharmacodynamic and pharmacokinetic response to clopidogrel were 
more apparent (Data not shown). Another possible mechanism for drug in-
teraction with proton pump inhibitors is an alteration in gastric pH which 
could affect thienopyridine absorption.  

The effect of clopidogrel’s antiplatelet response by CYP3A substrates, 
such as lipophilic statins is contradictory [63, 69, 111]. Ketoconazole, a po-
tent inhibitor of CYP3A4/3A5 and representing a “worst-case” interaction for 
CYP3A substrates, has been shown to decrease the exposure to the active 
metabolite of clopidogrel but not prasugrel [64].   

When we examined other CYPs, no significant association was found be-
tween genetic variants and the response to clopidogrel or prasugrel.  
 

Clopidogrel response in patients with and without coronary ischemic 
events after PCI 

 
The major finding of the TOPAS trial, from which we report results in Paper 
IV, is that platelet reactivity testing on clopidogrel seems to have limited 
usefulness for tailoring dual antiplatelet treatments for individual patients 
because of poor sensitivity and specificity relative to the risk of ST. To-
gether, the results from the TOPAS trial indicate that the reasons for the 
occurrence of ST and MI after stenting are multifactorial, are difficult to 
predict and impossible to prevent by assessing the PD response of clopido-
grel.  
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Nonetheless, patients with angiographically confirmed ST showed higher 
on-clopidogrel reactivity when measured with VerifyNow® P2Y12 than 
matched controls without MI or ST after PCI. The optimal cut-off level in 
our study was ≥222 PRU, somewhat lower than cut-off levels reported from 
previous prospective trials (235-240 PRU) [112-115]. The difference might 
stem from the retrospective design of our trial and the fact that the platelet 
reactivity is influenced by clinical and laboratory parameters such as in-
flammation [116] and increased platelet turnover [117] in the acute phase of 
coronary artery disease. In spite of a fairly large sample size of patients with 
ST, we did not reach an acceptable sensitivity or specificity level for clinical 
decision-making. This is illustrated by the proportion of patients in the con-
trol group for ST who are below the 30th percentile of the distribution of 
PRU in patients with ST. The PRU level at the 30th percentile for ST cases 
was 222 (identical to the optimal cut-off derived from ROC curve analyses).  
Sixty seven percent of the ST controls had PRU levels below this cut-off 
point (p<0.001). Although the sample size had insufficient statistical power 
for calculations at the much lower PRU level at the 10th percentile for ST 
cases (PRU=123), 20.4% of the ST controls were below this level (p=0.15). 
There was, therefore, a substantial overlap in the occurrence of high on-
clopidogrel platelet reactivity in patients with our without on-treatment ST 
(see Figure 15).   

We demonstrated that the individual clopidogrel response showed high 
stability over time. The platelet inhibitory response measured with VASP or 
VerifyNow® P2Y12 24 hours after the LD predicted the response at re-
exposure 2-3 years later. This finding and previous evidence of the individ-
ual stability in the clopidogrel antiplatelet response [118, 119] justified the 
TOPAS trial design with a retrospective evaluation of patients who had ex-
perienced angiographically confirmed ST. 

As mentioned above, in the TABR trial platelet inhibition assessed with 
VASP showed good correlation with VerifyNow® P2Y12. VASP assay in the 
TOPAS trial, in contrast to VerifyNow® P2Y12, did not distinguish between 
patients with or without experienced ST. In part, this could be related to the 
VASP assay’s insensitivity to low levels of P2Y12 receptor blockade com-
pared to platelet aggregation with ADP [120].  

In our trial we found no significant difference between the on-clopidogrel 
platelet reactivity in patients with MI within 6 months of coronary stenting 
and the matched controls without coronary ischemic event after PCI. Our 
results support the observation from previous studies that a greater incidence 
of major adverse cardiovascular events in patients with high on-clopidogrel 
platelet reactivity is driven mainly by early ischemic events related to coro-
nary stenting such as ST or periprocedural MI rather than any later need for 
target vessel revascularization or death [112, 113, 115, 121]. This observa-
tion can most likely be attributed to the differing etiologies of the ischemic 
events in the ACS spectrum. 
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No evidence currently exists that a strategy to monitor clopidogrel re-
sponse in order to guide therapy would improve patient outcome after PCI 
but trials designed to assess this hypothesis are ongoing. The predictability 
of platelet function tests in prospective trials has been modest and our study 
does not support their use in clinical practice.  
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Limitations 

The TABR study evaluated a small population of patients with stable coro-
nary artery disease within a limited time frame in an experimental setting. 
These conditions limit the trial results to its pharmacodynamic, pharmacoki-
netic and genetic objectives. Therefore, limited or no conclusions can be 
made concerning potential risks or adverse events related to the levels of 
platelet inhibition observed with the study drugs or dosing. We cannot rule 
out a difference in the platelet activity in an ACS population compared to a 
population with stable coronary artery disease. Because of the small study 
population we did not observe sufficient numbers of patients with more un-
common variants of CYPs, such as decreased function CYP3A4 and 
CYP1A2. Furthermore, the small sample size did not allow us to assess 
whether there was a “gene-dose effect” (e.g. impact of reduced vs. ablated 
CYP2C19 function) for the antiplatelet response from either drug.  
 
The TOPAS study case-control design allowed patients to be identified ret-
rospectively and subsequently studied for on-clopidogrel platelet reactivity. 
Therefore patients with fatal ST were obviously not included in the study. 
The analyses of platelet activity might have been affected by the different 
time intervals from the qualifying ST event. Platelet reactivity is highest in 
the acute phase after PCI [122] implying that differences in platelet inhibi-
tion between patients who have experienced ST and the controls could have 
been underestimated. In the trial, some patients were already on clopidogrel 
while others received a LD 16-24 h prior to platelet function testing. This 
might have led to differences in platelet reactivity between groups. Never-
theless, the timing 16-24 h post-LD was chosen in order to measure platelet 
reactivity when a steady state was reached. Patients with previous MI were 
selected because they did not have previous ST and therefore a selection bias 
of MI patients with lower on-clopidogrel platelet reactivity than expected 
cannot be excluded. Due to issues concerning patient recruitment, study 
groups were smaller than initially expected and lacked the power to deter-
mine cut-off levels at the 10th percentile of the distribution. 

Stent thrombosis has a multifactorial etiology involving mechanical fac-
tors such as under-expansion of stents and patient factors such as poor com-
pliance to treatment. Such risk factors for ST, both well known and unknown 
might also have influenced the results.  
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Conclusions 

In aspirin-treated patients with coronary artery disease: 
 

 Prasugrel 60 mg LD and 10 mg MD provided faster onset and more 
pronounced inhibition of P2Y12 receptor-mediated platelet aggrega-
tion than clopidogrel 600 mg LD and 75 mg MD. This difference re-
sulted from faster and greater generation of the active metabolite of 
prasugrel versus that of clopidogrel. 

 
 Ex vivo addition of clopidogrel active metabolite led to maximal in-

hibition of aggregation in all patients, suggesting that prasugrel’s 
greater antiplatelet effect was related to more efficient active me-
tabolite generation compared to that of clopidogrel. 

 
 In patients with coronary artery disease, variation in the gene encod-

ing CYP2C19 contributed to reduced exposure to clopidogrel’s ac-
tive metabolite and a corresponding reduction in P2Y12 inhibition, as 
measured by VASP and the point-of-care assay VerifyNow® P2Y12. 

 
 The point-of-care device VerifyNow® P2Y12 reliably reflected the 

substantially faster and greater P2Y12 receptor-mediated inhibition 
of platelet aggregation achieved with prasugrel as compared with 
clopidogrel in aspirin-treated patients with stable coronary artery 
disease. The VerifyNow® P2Y12 device offered a more accessible 
and convenient alternative to LTA or VASP assays for point-of-care 
assessment of platelet inhibition by thienopyridines. 
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In patients with stent thrombosis or spontaneous myocardial infarction while 
on dual antiplatelet therapy: 

 
 On-clopidogrel platelet reactivity measured with VerifyNow® P2Y12 

(PRU) was significantly greater in patients with experienced an-
giographically confirmed ST than in control patients with no MI or 
ST after PCI. There was no difference in platelet reactivity measured 
with VerifyNow® P2Y12 (PRU) between patients with non-stent 
thrombosis related MI compared to matched controls. 

 
 The optimal cut-off level for ST was ≥222 PRU (VerifyNow® 

P2Y12) but the sensitivity and specificity of the cut-off level was 
low. There was a substantial overlap in clopidogrel platelet reactiv-
ity response between patients with and without on-treatment ST. 

 



 64 

Clinical Implications and Future Directions 

In the acute care of the ACS patient, P2Y12 receptor inhibitors represent a 
critical therapeutic option. Since the first report of an inadequate response to 
clopidogrel [53] followed by more than 250 articles on clopidogrel resis-
tance [107], questions still remain unresolved concerning the underlying 
mechanisms and appropriate clinical decision-making related to a clopido-
grel poor response. Our study characterizes the most likely mechanisms ex-
plaining inter-individual clopidogrel response variability  and thereby pro-
vides important contributions to help develop more effective and safer plate-
let inhibitor treatment [103]. 

Approximately 30% of patients respond poorly to clopidogrel. Our study 
showed that the alternative P2Y12 inhibitor, prasugrel, provided more rapid, 
pronounced and consistent P2Y12 inhibition with almost no poor responders. 
Moreover, clinical trials have recently shown that higher loading doses of 
clopidogrel as more powerful P2Y12 inhibition with prasugrel result in better 
outcomes in patients undergoing PCI. Additionally, a study of a new, direct 
acting P2Y12 inhibitor, ticagrelor, has shown that this reversible agent not 
only prevents thrombotic complications, but also reduces mortality in pa-
tients presenting with ACS. 

P2Y12 inhibition with clopidogrel is still widely used as a routine treat-
ment in patients with ACS and stent implantation. For the approximately 
30% of clopidogrel-treated patients with high residual platelet activity, a 
tailored clopidogrel dose or a change to a more powerful platelet P2Y12 in-
hibitor seems to be an attractive alternative. Whether a tailored approach 
with pharmacodynamic and/or genetic testing will result in improved clinical 
outcomes needs to be evaluated in prospective clinical trials. The difference 
in the relationship between the platelet inhibitory response in clopidogrel 
treated patients with stent thrombosis and spontaneous myocardial infarction 
indicates that there might be substantial differences in the pathophysiology 
of these two conditions. The predictability of platelet function tests in pro-
spective trials has been modest and no evidence exists that a platelet function 
test guided clopidogrel treatment improves patient outcome.  
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Sammanfattning på Svenska 

Hjärtinfarkt orsakas av en akut syrebrist som uppkommer när en blodpropp 
täpper till hjärtats kranskärl. Blodproppen uppstår oftast när en spricka bildas 
i fettinlagringar i kärlväggen, blodplättar aktiveras och blod koagulerar. 
Blodproppen hindrar blodflödet i kärlet varpå syrebrist och smärta uppstår. 
Syrebristen leder till att hjärtmuskelceller dör (hjärtinfarkt). Död hjärtmuskel 
kan inte återbildas utan omvandlas till bindväv. Omvandlad hjärtmuskel kan 
inte medverka i hjärtarbetet och försämrar hjärtats pumpförmåga vilket leder 
till hjärtsvikt.  

Behandlingen av hjärtinfarkt består i att försöka återfå blodflödet till 
hjärtmuskeln och minimera hjärtmuskelskadan och på så sätt förhindra hjärt-
svikt. Blodflödet kan återställas genom att man ger propplösande behandling 
eller, vilket är vanligare idag, att man öppnar det tilltäppta kärlet med bal-
longvidgning och sedan lägger in ett rörformat metallnät (stent) som ska 
förhindra att kärlet förträngs på nytt. Under ingreppet och därefter ger man 
blodproppshämmande behandling eftersom skadan på kärlet, men även 
kranskärlsingreppet, ökar risken för proppbildning. En ovanlig men allvarlig 
komplikation efter stentingreppet är akut blodpropp i stentet (stenttrombos).  
Stenttrombos orsakar ofta hjärtinfarkt och risken att dö i komplikationer till 
stenttrombos är stor. 

Det finns två olika typer av blodproppshämmande läkemedel: läkemedel 
som hämmar blodplättarnas proppbildningsförmåga och de som hämmar det 
nätverk som stabiliserar blodproppen. Läkemedel som verkar hämmande på 
blodplättarnas proppbildningsförmåga påverkar receptorer på blodplättarnas 
yta. Receptorerna känner av yttre faktorer som startar aktiveringen av blod-
plätten och som även startar förstärkningsmekanismer, vilka aktiverar omgi-
vande blodplättar och blodlevringsfunktioner (koagulation). 

Klopidogrel och acetylsalicylsyra är läkemedel som hämmar blodplättar-
nas proppbildningsförmåga. Klopidogrel verkar via P2Y12-receptorn på 
blodplättens yta. I studier har man visat att klopidogrel förebygger nya hjärt-
infarkter och komplikationer vid ballongvidgning. Men på senare tid har det 
blivit känt att ca 30 % av patienterna som får klopidogrel har ingen eller 
bristfällig effekt av läkemedlet. Ett bristfälligt svar på klopidogrel medför 
ökad risk för en ny hjärtkärlhändelse och stenttrombos. Forskning inom 
blodproppshämmande läkemedel handlar bland annat om att hitta mer effek-
tiva blodproppshämmare.  
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Syftet med de i den här avhandlingen ingående studierna var att utvärdera 
en ny blodproppshämmare, prasugrel, som precis som klopidogrel hämmar 
P2Y12-receptorn, samt utröna vilken nivå av hämning av P2Y12-receptorn 
som skyddar från framtida stenttrombos.  

Vi undersökte både klopidogrels och prasugrels effekter på blodplättarna 
(farmakodynamik) och läkemedlens omsättning i kroppen (farmakokinetik). 
För att närmare ta reda på varför ca 30 % av patienterna som får klopidogrel 
uppvisar en bristfällig effekt av läkemedlet, undersökte vi vad som hände 
med blodplättarnas aktivitet när den biologiskt aktiva läkemedelsformen 
(metaboliten) av klopidogrel tillsattes direkt till patienternas blod. Detta för-
sök baserades på hypotesen att den bristande hämningen med klopidogrel 
hade sin orsak i att vissa patienter inte kan aktivera läkemedlet i levern i 
samma omfattning som övriga. För att närmare studera nedbrytningen av 
läkemedlen bestämde vi genetiska varianter av enzym i cytokrom P-450 
systemet. Dessa är enzym i levern som bland annat omvandlar inaktivt till 
aktivt läkemedel.  

För att mäta effekten av blodplättshämmande läkemedel har man tidigare 
varit hänvisad till metoder anpassade för avancerad laboratoriemiljö. I en 
delstudie värderade vi en patientnära metod (VerifyNow®) lämplig att an-
vändas på hjärtavdelning.  

Då bristfällig eller avsaknad av blodplättshämning med klopidogrel är en 
viktig riskfaktor för stenttrombos undersökte vi den blodplättshämmande 
effekten av klopidogrel hos patienter som överlevt en stenttrombos. För att 
kunna bestämma en nivå av blodplättshämning som verkar skydda mot fram-
tida stenttrombos, jämförde vi nivåerna av trombocythämning med klopido-
grel hos patienter som haft och överlevt stenttrombos med kontrollpatienter 
som också genomgått ballongvidgning men inte drabbats av hjärtinfarkt eller 
stenttrombos. Som förväntat, visade sig patienter som överlevt stenttrombos 
ha en sämre effekt av läkemedlet klopidogrel än kontrollpatienter. Dock 
upptäckte vi en betydande överlappning i den blodplättshämmande effekten 
av klopidogrel hos patienter som överlevt stenttrombos och kontrollpatienter 
vilket försvårade bestämning av en nivå av blodplättshämning att behandla 
efter.  

Den nya blodplättshämmaren prasugrel hämmade blodplättar både snab-
bare och mer uttalat än klopidogrel. Den ökade hämningen med prasugrel 
berodde på en högre nivå av den aktiva metaboliten i blodet jämfört med 
klopidogrel. Patienter som hade bristfällig effekt av läkemedlet hade också 
lägre nivåer av den aktiva metaboliten än övriga patienter. När vi tillsatte 
aktiv metabolit i provrör med blodplättar från patienterna hämmades de i alla 
provrör, även i provrör med blodplättar från patienter som hade bristfällig 
hämning med klopidogrel. Vår tolkning är att orsaken till bristfällig blod-
plättshämning är att vissa patienter inte bildar aktiv metabolit i samma ut-
sträckning som de med normal effekt av läkemedlet. En tidigare förklaring 
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till bristfällig hämning ansågs bland annat vara en förändrad P2Y12-receptor, 
där läkemedlet utövar sin effekt. 

När vi bestämde olika genetiska former av de enzym (CYP P-450) som är 
involverade i aktiveringen av läkemedlen kunde vi visa att genetisk eller 
medfödd defekt i enzymet CYP2C19 ledde till lägre nivåer av aktiv metabo-
lit hos patienter som behandlades med klopidogrel. Denna effekt av defekt 
CYP2C19 kunde vi inte se hos patienter som behandlats med prasugrel. En 
delförklaring till bristfällig blodplättshämning med klopidogrel är alltså ge-
netisk variation i bildningen av den aktiva metaboliten. Bristande upptag i 
tarmen av läkemedlet kan också vara en bidragande faktor.  

När vi jämförde olika sätt att mäta blodplättshämning kunde vi visa att re-
sultat med den nya patientnära metoden (VerifyNow®) motsvarade resultat 
av blodplättshämning från mer komplicerade metoder som ansetts utgöra 
guld-standard metoder. Den patientnära metoden hade dock begränsade möj-
ligheter att urskilja olika nivåer av uttalad blodplättshämning som den vi 
kunde se efter prasugrels startdos.   
 
Studierna i avhandlingen har ökat kunskapen om den blodplättshämmande 
effekten av läkemedlet klopidogrel och det nya läkemedlet prasugrel. Vi har 
presenterat data som förklarar varför en betydande del av patienterna som 
behandlas med klopidogrel har en bristfällig blodplättshämning, som i sin tur 
medför ökad risk för hjärtkärlkomplikationer efter hjärtinfarkt och ballong-
vidgning. Våra resultat om blodplättshämningsnivåer med klopidogrel hos 
patienter med genomgången stenttrombos och valideringen av patientnära 
metoder för bestämning av blodplättshämning, skulle kunna ge nya möjlig-
heter för skräddarsydd, individanpassad blodplättshämmande behandling för 
patienter med hjärtinfarkt. En nivå av blodplättshämning som ger optimal 
balans mellan nytta och risk för biverkningar verkar dock vara svår att be-
stämma för den enskilde patienten med våra nuvarande metoder och kunska-
per. 
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