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Antithrombin alternatives in STEMI
Restoration of eff ective myocardial perfusion 
by percutaneous coronary intervention (PCI) in 
ST-segment elevation myocardial infarction (STEMI) 
is a life-saving therapy. Selection of the optimum 
anticoagulation regimen to support primary PCI is 
essential. Unfractionated heparin, low molecular 
weight heparins, the factor Xa inhibitor fondaparinux, 
and the direct thrombin (factor IIa) inhibitor bivalirudin 
have all been studied in this setting. These agents have 
diff erent mechanisms of action, binding specifi city, 
pharmacokinetic and pharmacodynamic consistency, 
risks of heparin-induced thrombocytopenia, and half-
lives (table). Paradoxically, unfractionated heparin, low 
molecular weight heparins, and fondaparinux activate 
platelets by binding to the platelet glycoprotein IIb/IIIa 
integrin receptor.1 By inhibiting the aggregation of 
activated platelets, glycoprotein IIb/IIIa inhibitors 
reduce the rate of ischaemic complications when 
primary PCI is done with unfractionated heparin, 
at the cost of increased bleeding.2 Fondaparinux 
as a stand-alone agent during primary PCI 
results in an unacceptably high rate of catheter 
thrombosis,3 and is not recommended. Conversely, 
bivalirudin reduces thrombin generation and both 

thrombin-dependent and collagen-dependent platelet 
activa tion.4 In the HORIZONS-AMI trial,5 bivalirudin 
during primary PCI substantially decreased bleeding 
and thrombocytopenia while suppressing ischaemic 
compli cations compared with unfractionated heparin 
plus glycoprotein IIb/IIIa inhibitors, thereby reducing 
all-cause and cardiac mortality. These fi ndings were 
replicated in a registry of more than 100 000 people.6 

These data emphasise the importance of both platelet 
and thrombin inhibition during PCI, and the delicate 
balance between safety and effi  cacy that has to be 
achieved for optimum outcomes.

Low molecular weight heparin has been increasingly 
studied as an anticoagulant during PCI. The most widely 
used low molecular weight heparin is enoxaparin, which 
has shown varying safety and effi  cacy compared with 
unfractionated heparin in previous trials, depending 
on the clinical setting and mode of administration. In 
the ExTRACT-TIMI-25 trial,7 intravenous followed by 
subcutaneous enoxaparin reduced the 30-day composite 
rate of death or reinfarction, but increased major 
bleeding in patients with STEMI receiving fi brinolysis. In 
the SYNERGY trial,8 subcutaneous enoxaparin compared 
with unfractionated heparin did not reduce the 48-h 

11 Wensley F, Gao P, Burgess S, et al, for the C Reactive Protein Coronary Heart 
Disease Genetics Collaboration (CCGC). Association between C reactive 
protein and coronary heart disease: mendelian randomisation analysis 
based on individual participant data. BMJ 2011; 342: d548.

12 Kaptoge S, Di Angelantonio E, Lowe G, et al, for the Emerging Risk Factors 
Collaboration. C-reactive protein concentration and risk of coronary heart 
disease, stroke, and mortality: an individual participant meta-analysis. 
Lancet 2010; 375: 132–40.

13 Möhlenkamp S, Lehmann N, Moebus S, et al, for the Heinz Nixdorf Recall 
Study Investigators. Quantifi cation of coronary atherosclerosis and 
infl ammation to predict coronary events and all-cause mortality. 
J Am Coll Cardiol 2011; 57: 1455–64.

14 Arad Y, Spadaro LA, Roth M, Newstein D, Guerci AD. Treatment 
of asymptomatic adults with elevated coronary calcium scores with 
atorvastatin, vitamin C, and vitamin E: the St Francis Heart Study 
randomized clinical trial. J Am Coll Cardiol 2005; 46: 166–72.
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Unfractionated heparin Enoxaparin Fondaparinux Bivalirudin

Factor Xa:IIa inhibition 1:1 3–4:1 100% Xa 100% IIa

Action independent of antithrombin No No No Yes

Non-specifi c binding Yes Partial No No

Variable PK/PD measures Yes Less No No

Inhibits fi brin-bound thrombin No No No Yes

Activates or aggregates platelets Yes Yes Yes Inhibits

Half-life Variable with dose, about 
60 min IV

300 min SC; 90–120 min IV 
(0·5 mg/kg)

17 h SC 25 min IV

PF-4 complexing and risk of HIT Yes Reduced Low No

PK/PD=pharmacokinetic and pharmacodynamic. PF-4=platelet factor 4. HIT=heparin-induced thrombocytopenia. SC=subcutaneous. IV=intravenous.

Table: Comparative properties of unfractionated heparin, enoxaparin, fondaparinux, and bivalirudin
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rate of death or myocardial infarction in patients with 
non-ST-segment elevation acute coronary syndromes 
treated with an invasive strategy, and resulted in 
increased bleeding. Conversely, 0·5 mg/kg intravenous 
enoxaparin resulted in reduced rates of major bleeding 
and similar ischaemic outcomes in stable patients 
undergoing elective PCI in the STEEPLE trial.9 

In The Lancet, Gilles Montalescot and colleagues10 report 
the results of the ATOLL trial, in which 910 patients 
with STEMI were randomly assigned to unfractionated 
heparin versus 0·5 mg/kg intravenous enoxaparin 
before primary PCI. Enoxaparin did not signifi cantly 
reduce the 30-day composite primary endpoint of 
death, complication of myocardial infarction, procedure 
failure, or major bleeding (relative risk [RR] 0·83, 95% CI 
0·68–1·01, p=0·06), and nor did it reduce major bleeding 
alone (RR 0·92, 95% CI 0·51–1·66, p=0·79), but did 
reduce the main secondary endpoint of death, recurrent 
acute coronary syndrome, or urgent revascularisation 
(RR 0·59, 0·38–0·91, p=0·015). How should these results 
inform clinical practice?

ATOLL, led by a highly qualifi ed investigator group, 
has numerous strengths. Exclusion of antithrombin 
therapy before enrolment provides clarity in the eff ect 
of the randomised treatments. Randomisation and 
treatment were initiated by the mobile emergency 
medical service in 71% of patients, which, although 
not yet possible in most locations, is clearly forward-
looking. Intravenous enoxaparin is also a convenient, 
inexpensive treatment. Several caveats of the study 
deserve mention, however. In view of the small sample 
size, to achieve adequate power the primary endpoint 
was an atypical composite of 12 events, some clinical, 
some angiographic, and some procedural. Since the 
principal hypothesis tested was not met, the results of 
secondary endpoints are hypothesis-generating rather 
than conclusive, needing additional study before 
informing labelling or guidelines with confi dence. 
Radial access was used in more than two-thirds of 
patients, a strategy which minimises access-related 
bleeding. Equivalence in haemorrhagic complications 
between the two agents thus cannot be assumed for 
the femoral approach. 

Without a large comparative randomised trial, 
bivalirudin (with use of glycoprotein IIb/IIIa inhibitors 
reserved for refractory thrombotic complications) 
remains the gold standard to optimise outcomes 

during primary PCI, with a class IB level of evidence 
for use during primary PCI in both European and US 
guidelines. An unfractionated heparin bolus can be 
administered in the emergency department (or earlier) 
before initiation of bivalirudin in the catheterisation 
laboratory just before PCI without loss of safety or 
effi  cacy—a regimen consistent with most systems of 
care.11 Can smarter pharmacotherapy decisions further 
improve primary PCI outcomes? Stent implantation in 
ruptured plaques is inherently thrombogenic, and high 
rates of early and late stent thrombosis have been 
reported in STEMI.5 Bivalirudin monotherapy has been 
associated with a 1% increase in stent thrombosis 
within the fi rst 5 h in STEMI compared with heparin 
plus glycoprotein IIb/IIIa inhibitors (although 
after the fi rst 24 h stent thrombosis rates were 
decreased in bivalirudin-treated patients).5 Potent 
platelet ADP receptor inhibition with prasugrel and 
ticagrelor reduces thrombotic events (including stent 
thrombosis) in acute coronary syndromes, although 
bleeding concerns have restricted their widespread 
adoption.12,13 In view of the favourable bleeding profi le 
of bivalirudin,5 the early administration of prasugrel or 
ticagrelor before primary PCI with bivalirudin might 
be highly synergistic; surprisingly, such a combination 
has not yet been formally studied. In appropriate 
patients in whom the likelihood of atherothrombotic 
complications exceeds the risk of major bleeding, 
harnessing the potency of these agents could further 
improve survival in acute coronary syndromes.14

*Gregg W Stone, E Magnus Ohman
Columbia University Medical Center, New-York Presbyterian 
Hospital and the Cardiovascular Research Foundation, New York, 
NY 10022, USA (GWS); and Duke University Medical Center, 
Durham, NC, USA (EMO)
gs2184@columbia.edu
GWS has acted as a consultant to Bristol-Myers Squibb/Sanofi  partnership, 
Eli Lilly/Daiichi Sankyo, AstraZeneca, Merck, The Medicines Company, Abbott 
Vascular, Boston Scientifi c, and Medtronic. EMO has received a research grant 
from Eli Lilly and Daichii-Sankyo and has acted as a consultant to The Medicines 
Company, Sanofi -Aventis, and AstraZeneca.

1 Gao C, Boylan B, Fang J, et al. Heparin promotes platelet responsiveness 
by potentiating αIIbβ3-mediated outside-in signaling. Blood 2011; 
117: 4946–52.

2 De Luca G, Suryapranata H, Stone GW, et al. Abciximab as adjunctive 
therapy to reperfusion in acute ST-segment elevation myocardial 
infarction: a meta-analysis of randomized trials. JAMA 2005; 
293: 1759–65.

3 Yusuf S, Mehta SR, Chrolavicius S, et al. Eff ects of fondaparinux on 
mortality and reinfarction in patients with acute ST-segment elevation 
myocardial infarction: the OASIS-6 randomized trial. JAMA 2006; 
295: 1519–30.
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Why not screen for subclinical atherosclerosis?
Although preventable, atherosclerotic cardiovascular 
disease remains a leading global cause of death 
and disability.1 Despite, or rather because of, major 
improvements in survival after myocardial infarction 
and stroke, the prevalence, burden, and costs of the 
disease continue to rise.2 In high-income countries, 
cardiovascular disease is the most costly disease—more 
costly than all cancers combined.3 Furthermore, 
sudden and unexpected death is still a common fi rst 
manifestation of cardiovascular disease.3 The only 
eff ective approach to restrict this undue loss of life, 
and the health burden and use of resources, is to 
prevent the disease from developing in the fi rst place—
ie, primary prevention. Public health initiatives are 
important but so is personalised prevention for those 
at highest risk.

Causal risk factors for cardiovascular disease constitute 
important therapeutic targets, but their usefulness as 
predictors for developing the disease is limited.4,5 Most 
heart attacks and strokes occur in people at average 
risk-factor level who are misclassifi ed by traditional risk-
factor scoring, as low or intermediate risk.6 Conversely, 
others are misclassifi ed as high risk and advised to take 
drugs to reduce their risk factor(s), drugs that are not 
needed. These facts remind us that, although exposure to 
causal factors is important, susceptibility to these factors 
and the disease in question might be more important. 

Despite great promise, genetic testing for susceptibility 
has not proven useful for risk stratifi cation.7

Atherosclerosis develops silently over decades before 
symptoms eventually occur, off ering unique opportunities 
for timely detection and personalised prevention. Sub-
clinical atherosclerosis can be detected and quantifi ed 
non-invasively, to show the cumulative eff ect of all risk and 
susceptibility factors combined—known and unknown.4,5 
Three measures of disease burden have proven useful for 

4 Kimmelstiel C, Zhang P, Kapur NK, et al. Bivalirudin is a dual inhibitor 
of thrombin and collagen-dependent platelet activation in patients 
undergoing percutaneous coronary intervention. Circ Cardiovasc Interv 
2011; 4: 171–79.

5 Stone GW, Witzenbichler B, Guagliumi G, et al, on behalf of the 
HORIZONS-AMI Trial Investigators. Heparin plus a glycoprotein IIb/IIIa 
inhibitor versus bivalirudin monotherapy and paclitaxel-eluting stents 
versus bare-metal stents in acute myocardial infarction (HORIZONS-AMI): 
fi nal 3-year results from a multicentre, randomised controlled trial. 
Lancet 2011; 377: 2193–204.

6 Rassen JA, Mittleman MA, Glynn RJ, Brookhart MA, Schneeweiss S. Safety 
and eff ectiveness of bivalirudin in routine care of patients undergoing 
percutaneous coronary intervention. Eur Heart J 2010; 31: 561–72.

7 Antman EM, Morrow DA, McCabe CH, et al. Enoxaparin versus 
unfractionated heparin with fi brinolysis for ST-elevation myocardial 
infarction. N Engl J Med 2006; 354: 1477–88.

8 Ferguson JJ, Califf  RM, Antman EM, et al. Enoxaparin vs unfractionated 
heparin in high-risk patients with non-ST-segment elevation acute 
coronary syndromes managed with an intended early invasive strategy: 
primary results of the SYNERGY randomized trial. JAMA 2004; 
292: 45–54.

9 Montalescot G, White HD, Gallo R, et al. Enoxaparin versus unfractionated 
heparin in elective percutaneous coronary intervention. N Engl J Med 2006; 
355: 1006–17.

10 Montalescot G, Zeymer U, Silvain J, et al. Intravenous enoxaparin or 
unfractionated heparin in primary percutaneous coronary intervention 
for ST-elevation myocardial infarction: the international randomised 
open-label ATOLL trial. Lancet 2011; 378: 693–703.

11 Dangas GD, Mehran R, Nikolsky E, et al. Eff ect of switching antithrombin 
agents for primary angioplasty in acute myocardial infarction: the 
HORIZONS-SWITCH analysis. J Am Coll Cardiol 2011; 57: 2309–16.

12 Montalescot G, Wiviott SD, Braunwald E, et al, for the TRITON-TIMI 38 
investigators. Prasugrel compared with clopidogrel in patients undergoing 
percutaneous coronary intervention for ST-elevation myocardial infarction 
(TRITON-TIMI 38): double-blind, randomised controlled trial. Lancet 2009; 
373: 723–31.

13 Steg PG, James S, Harrington RA, et al. Ticagrelor versus clopidogrel in 
patients with ST-elevation acute coronary syndromes intended for 
reperfusion with primary percutaneous coronary intervention: a platelet 
inhibition and patient outcomes (PLATO) trial subgroup analysis. 
Circulation 2010; 122: 2131–41.

14 Pocock SJ, Mehran R, Clayton TC, et al. Prognostic modeling of individual 
patient risk and mortality impact of ischemic and hemorrhagic 
complications: assessment from the Acute Catheterization and Urgent 
Intervention Triage Strategy trial. Circulation 2010; 121: 43–51.
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Figure: Flow chart of how non-invasive tests for subclinical atherosclerosis can be implemented in 
cardiovascular risk assessment
FRS=Framingham risk score. Inspired by SHAPE (Society for Heart Attack Prevention and Eradication),4,5 
2010 ACCF/AHA (American College of Cardiology Foundation/American Heart Association) cardiovascular 
risk-assessment guideline,8 and 2010 appropriate-use criteria for cardiac CT.9

Asymptomatic at-risk population

Intermediate risk: grey area

Atherosclerosis test

Reclassification

High risk: ≥20% FRSLow risk: <6% FRS

DiabetesFamily history

Intermediate risk High riskLow risk

Optional



Articles

www.thelancet.com   Vol 378   August 20, 2011 693

Intravenous enoxaparin or unfractionated heparin in 
primary percutaneous coronary intervention for 
ST-elevation myocardial infarction: the international 
randomised open-label ATOLL trial
Gilles Montalescot, Uwe Zeymer, Johanne Silvain, Bertrand Boulanger, Marc Cohen, Patrick Goldstein, Patrick Ecollan, Xavier Combes, Kurt Huber, 
Charles Pollack Jr, Jean-François Bénezet, Olivier Stibbe, Emmanuelle Filippi, Emmanuel Teiger, Guillaume Cayla, Simon Elhadad, Frédéric Adnet, 
Tahar Chouihed, Sébastien Gallula, Agnès Greff et, Mounir Aout, Jean-Philippe Collet, Eric Vicaut, for the ATOLL Investigators

Summary 
Background Primary percutaneous coronary intervention (PCI) for ST-elevation myocardial infarction has traditionally 
been supported by unfractionated heparin, which has never been directly compared with a new anticoagulant using 
consistent anticoagulation and similar antiplatelet strategies in both groups. We compared traditional heparin 
treatment with intravenous enoxaparin in primary PCI.

Methods In a randomised open-label trial, patients presenting with ST-elevation myocardial infarction were randomly 
assigned (1:1) to receive an intravenous bolus of 0·5 mg/kg of enoxaparin or unfractionated heparin before primary 
PCI. Wherever possible, medical teams travelling in mobile intensive care units (ambulances) selected, randomly 
assigned (using an interactive voice response system at the central randomisation centre), and treated patients. 
Patients who had received any anticoagulant before randomisation were excluded. Patients and caregivers were not 
masked to treatment allocation. The primary endpoint was 30-day incidence of death, complication of myocardial 
infarction, procedure failure, or major bleeding. The main secondary endpoint was the composite of death, recurrent 
acute coronary syndrome, or urgent revascularisation. Analysis was by intention to treat. This trial is registered at 
ClinicalTrials.gov, number NCT00718471.

Findings 910 patients were assigned to treatment with enoxaparin (n=450) or unfractionated heparin (n=460). The 
primary endpoint occurred in 126 (28%) patients after anticoagulation with enoxaparin versus 155 (34%) patients on 
unfractionated heparin (relative risk [RR] 0·83, 95% CI 0·68–1·01, p=0·06). The incidence of death (enoxaparin, 
17 [4%] vs heparin, 29 [6%] patients; p=0·08), complication of myocardial infarction (20 [4%] vs 29 [6%]; p=0·21), 
procedure failure (100 [26%] vs 109 [28%]; p=0·61), and major bleeding (20 [5%] vs 22 [5%]; p=0·79) did not diff er 
between groups. Enoxaparin resulted in a signifi cantly reduced rate of the main secondary endpoint (30 [7%] vs 
52 [11%] patients; RR 0·59, 95% CI 0·38–0·91, p=0·015). Death, complication of myocardial infarction, or major 
bleeding (46 [10%] vs 69 [15%] patients; p=0·03), death or complication of myocardial infarction (35 [8%] vs 57 [12%]; 
p=0·02), and death, recurrent myocardial infarction, or urgent revascularisation (23 [5%] vs 39 [8%]; p=0·04) were all 
reduced with enoxaparin. 

Interpretation Intravenous enoxaparin compared with unfractionated heparin signifi cantly reduced clinical ischaemic 
outcomes without diff erences in bleeding and procedural success. Therefore, enoxaparin provided an improvement 
in net clinical benefi t in patients undergoing primary PCI.

Funding Direction de la Recherche Clinique, Assistance Publique-Hôpitaux de Paris; Sanofi -Aventis. 

Introduction 
Anticoagulation during primary percutaneous coronary 
intervention (PCI) for ST-elevation myocardial infarction 
(STEMI) has traditionally been supported by unfrac-
tionated heparin, largely on the basis of evidence 
extrapolated from studies of elective angioplasty. The 
Joint STEMI/PCI Guidelines Update1 produced by the 
American College of Cardiology, American Heart 
Association, and Society for Cardiovascular Angiography 
and Interventions as well as guidelines from the Task 
Force on Myocardial Revascularization of the European 
Society of Cardiology2 continue to aff ord unfractionated 

heparin a class 1 recommendation for this indication 
while recognising that evidence is limited (level of 
evidence C). 

In recent studies with new anticoagulants in primary 
PCI, such as OASIS-6 (Organization for the Assessment 
of Strategies for Ischemic Syndromes),3 the subgroup 
undergoing primary PCI had no clinical benefi t with the 
indirect factor Xa inhibitor fondaparinux and had an 
excess of catheter thrombosis. In the HORIZONS-AMI 
(Harmonizing Outcomes with Revascularization and 
Stents in Acute Myocardial Infarction) trial,4 the direct 
thrombin inhibitor bivalirudin alone, as compared with 
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unfractionated heparin plus glycoprotein IIb/IIIa inhibi-
tors, signifi cantly reduced 30-day rates of major bleeding 
and mortality, but there was increased stent thrombosis 
within the fi rst 24 h (not at 30 days; class I-B recom-
mendation). Most noteworthy is that in both studies a 
large proportion of patients received a full dose of 
unfractionated heparin before randomisation, pre cluding 
a real comparison between two anticoagulant drugs. 
Therefore, there has thus far been no comparison 
between two anticoagulants in primary PCI that is not 
confounded by prerandomisation anticoagulation therapy 
or diff ering antiplatelet strategy, which can both aff ect 
clinical outcomes.2,3,5–9 

Subcutaneous enoxaparin provides more predictable 
anticoagulation than does unfractionated heparin10 and 
has an established role in the management of non-ST-
elevation acute coronary syndromes and in STEMI 
treated with thrombolysis.6,11,12 The excess bleeding 
reported in these studies might have been due to the 
prolonged treatment with therapeutic doses of sub-
cutaneous enoxaparin or the concomitant administration 
of unfractionated heparin, or both. The clinical usefulness 
of intravenous enoxaparin has been shown recently in 
elective PCI at a dose of 0·5 mg/kg, which provides 
immediately an adequate level of anticoagulation with 
the short half-life of the drug, adapted to interventional 
procedures.13–17 Enoxaparin was also compared with 
unfractionated heparin in several non-randomised 
studies that reported signifi cantly better results with 
enoxaparin in PCI of STEMI,18–22 but there has been no 
randomised evaluation of intravenous enoxaparin in 
primary PCI.

The ATOLL (Acute Myocardial Infarction Treated with 
Primary Angioplasty and Intravenous Enoxaparin or 
Unfractionated Heparin to Lower Ischemic and Bleeding 
Events at Short- and Long-term Follow-up) study is a 
randomised comparison of intravenous enoxaparin and 
unfractionated heparin in primary PCI, excluding 
patients who received any anticoagulation before 
randomisation and requiring no crossover from one drug 
to the other during or after the procedure. 

Methods 
Participants 
ATOLL was an international, randomised, open-label 
trial evaluating intravenous enoxaparin versus intra-
venous unfractionated heparin in patients undergoing 
primary PCI for STEMI. Patients were enrolled at 64 sites 
in four countries (Austria, France, Germany, USA). 
Wherever possible, medical teams travelling in mobile 
intensive care units (ambulances) were regarded as study 
sites and were allowed to select, randomly assign, and 
treat patients. STEMI was defi ned as continuous 
ischaemic chest pain for at least 20 min plus an ST 
elevation of 2 mm or more in two or more contiguous 
precordial electrocardiogram (ECG) leads, or  greater 
than 1 mm ST elevation in two or more contiguous limb 

ECG leads, or new left bundle branch block. Patients 
with STEMI were eligible to enter the study if they were 
older than 17 years (without an upper age limit) and had 
an indication for primary PCI within 12 h of symptom 
onset. Patients presenting between 12 h and 24 h of 
symptom onset with persistent ischaemic symptoms or 
persistent or recurrent ST elevation on ECG, or both, and 
an indication for primary PCI were also eligible, as were 
patients with shock or cardiac arrest (<10 min) in the 
setting of STEMI. 

In both groups, the use of concomitant drugs, including 
glycoprotein IIb/IIIa inhibitors, was at the discretion of 
the treating clinicians. Patients who received anticoagulant 
of any type (unfractionated heparin, low molecular 
weight heparin, fondaparinux, warfarin) before random-
isation were excluded. Other major exclusion criteria 
were the administration of thrombolytic agents for the 
present episode, a short life expectancy, childbearing 
potential, and known contraindications to treatment with 
aspirin, thienopyridines, or heparins. Written informed 
consent was required from all patients. The study was 
undertaken according to the Declaration of Helsinki and 
in keeping with local regulations. The protocol was 
approved by national or institutional ethical review 
boards as required in each participating country.

Randomisation and masking 
Anticoagulation-naive patients who were eligible for the 
study were randomly assigned to receive an intravenous 
bolus of either enoxaparin or unfractionated heparin in 
an open-label fashion. Study drug was always admin-
istered before sheath insertion and before transfer 
whenever possible. Patients were assigned via an inter-
active voice response system at the central randomisation 
centre, in a 1:1 ratio. Randomisation was stratifi ed 
according to centre and random permuted blocks were 
used. We used the standard operating procedure of the 
clinical research department to avoid any knowledge of 
the randomisation list by the participants of the trial. All 
patients received aspirin (75–500 mg/day), thieno-
pyridines, and glycoprotein IIb/IIIa inhibitors according 
to local practice. 

Procedures 
All patients assigned to the enoxaparin group received a 
similar intravenous bolus of 0·5 mg/kg enoxaparin 
without anticoagulation monitoring. This dose has been 
shown to provide immediately an anti-Xa level of about 
0·9 IU/mL with an elimination half-life of antifactor Xa 
activity ranging from 1 h to 2 h, which is three-to-four 
times shorter than the half-life obtained with 
subcutaneous injections.13,14,16 When procedures were 
prolonged by more than 2 h, or if the investigator needed 
stronger anti coagulation to manage per-procedural 
complications, an additional intravenous bolus of 
enoxaparin (at half the original dose, 0·25 mg/kg) was 
allowed.13,16 No adjustment of the intravenous dose was 
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recommended based on renal function.13,16,23 After primary 
PCI, prolongation of anticoagulation was left to the 
physician’s discretion; when full anticoagulation was 
clinically indicated (eg, atrial fi brillation, left-ventricular 
thrombus, intra-aortic balloon pump), anticoagulation 
was done with enoxaparin (1 mg/kg subcutaneous twice 
a day with dose adjustment to renal function) until 
replacement by a vitamin K antagonist when necessary. 
Otherwise, when anticoagulation was continued, prophy-
lactic doses were recommended (enoxaparin 40 mg 
subcutaneously once a day).

According to current recommendations, patients 
randomly assigned to unfractionated heparin who were 
not receiving concurrent glycoprotein IIb/IIIa inhibitors 
were given an initial intravenous bolus of 70–100 IU/kg; 
patients who received concurrent glycoprotein IIb/IIIa 
inhibitors were given an initial bolus of 50–70 IU/kg.2,24 
During the procedure, additional boluses were allowed 
to maintain an activated clotting time of 300–350 s 
without glycoprotein IIb/IIIa inhibitors, or 200–300 s 
with glyco protein IIb/IIIa inhibitors. After the procedure, 
prolon gation of anticoagulation was at the physician’s 
discretion. If continued, prophylactic anticoagulation 
was recom mended with intravenous or subcutaneous 
unfractionated heparin unless full anticoagulation was 
clinically indicated. 

Radial access was allowed, as was use of arterial 
closure devices after femoral access. Femoral sheath 
removal in the absence of closure devices was authorised 
with an activated clotting time between 150 s and 180 s 
in the unfractionated heparin group,2,24 and immediately 
after the end of PCI in the enoxaparin group.16 All 
technical aspects concerning mechanical reperfusion, 
throm bectomy, choice of stents, or haemodynamic 
support were left to the discretion of the treating 
clinicians. Clinical follow-up took place at 30 days 
(within 2 days).

The primary endpoint of the trial was the occurrence 
of the composite endpoint of death, complication of 
myocardial infarction, procedure failure, or major 
bleeding. Death was defi ned as all-cause mortality 
within 30 days. Complication of myocardial infarction 
was defi ned as resuscitated cardiac arrest, recurrent 
acute coronary syndrome, urgent revascularisation, 
stroke, or peripheral or pulmonary embolism within 
30 days. Procedure failure was defi ned as defi nite stent 
throm bosis (according to the Academic Research 
Consortium defi nition25), bailout use of glycoprotein 
IIb/IIIa inhibitors for an angiographic or a clinical 
complication occurring after guidewire crossing of the 
lesion, non-TIMI 3 fl ow, or ST-segment resolution of 
less than 50% after PCI. Non-coronary-artery-bypass-
graft (CABG) major bleeding during hospital stay was 
defi ned according to the STEEPLE defi nition16 as fatal 
bleeding, documented retroperitoneal, intracranial, or 
intraocular bleeding, bleeding resulting in haemo-
dynamic com promise requiring specifi c treatment, 

 Enoxaparin (n=450) Unfractionated 
heparin (n=460)

Patient characteristic

Age

Median (years) 59 (52–71) 60 (52–70)

≥75 years 85 (19%) 80 (17%)

Range (years) 28–91 24–93

Women 97 (22%) 101 (22%)

Weight (kg) 75·0 (67·0–85·0) 75·5 (67·0–86·5)

Medical history

Present smoking 199 (44%) 218 (47%)

Diabetes mellitus, all 63 (14%) 69 (15%)

Diabetes mellitus, insulin-requiring 58 (13%) 65 (14%)

Dyslipidaemia 180 (40%) 184 (40%)

Hypertension 205 (46%) 207 (45%)

Previous CABG 4 (1%) 6 (1%)

Previous MI 28 (6%) 44 (10%)

Previous PCI 33 (7%) 53 (12%)

Previous PAD 16 (4%) 22 (5%)

Previous stroke 12 (3%) 10 (2%)

Previous cancer 25 (6%) 28 (6%)

Respiratory insuffi  ciency 9 (2%) 18 (4%)

Killip class II, III, or IV 35 (8%) 51 (11%)

Place of randomisation 

Mobile emergency medical service 318 (71%) 325 (71%)

Hospital emergency room 19 (4%) 26 (6%)

Cardiac care unit 20 (4%) 17 (4%)

Catheterisation laboratory 93 (21%) 92 (20%)

Time from symptom onset to randomisation

Median (min) 153 (89–290) 139 (86–277)

≤6 h 345 (77%) 382 (83%)

≤12 h 407 (90%) 423 (92%)

Time from randomisation to sheath insertion (min) 43 (22–58) 42 (22–57)

Haemodynamic failure before sheath insertion

Cardiogenic shock, Killip class IV 13 (3%) 13 (3%)

Resuscitated cardiac arrest 8 (2%) 13 (3%)

Heart rate (beats per min) 75 (65–85) 75 (66–88)

Systolic blood pressure (mm Hg) 139 (120–156) 140 (120–159)

Concomitant treatments 

Aspirin 433 (96%) 439 (95%)

Clopidogrel

Any 418 (93%) 428 (93%)

Loading dose ·· ··

Median (mg) 600 (300–675) 600 (300–675)

≤300 mg* 168 (37%) 171 (37%)

>300 mg and ≤600 mg 174 (39%) 172 (37%)

>600 mg and ≤900 mg 101 (22%) 113 (25%)

>900 mg 7 (2%) 4 (1%)

Maintenance dose during hospitalisation (mg) 75 (75–150) 75 (75–150)

Maintenance dose after discharge (mg) 75 (75–75) 75 (75–75)

Glycoprotein IIb/IIIa inhibitors 

Any 347 (77%) 382 (83%)

Abciximab 301 (67%) 317 (69%)

(Continues on next page)
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bleeding requiring surgical intervention or 
decompression of a closed space to control the event, 
any transfusion, or a haemoglobin drop of 30 g/L 
or more.

The main secondary effi  cacy endpoint was the 
composite of any death, recurrent acute coronary 
syndrome, or urgent revascularisation and was the fi rst 
endpoint tested after the primary endpoint. Other 
prespecifi ed effi  cacy objectives included death or 
complication of myocardial infarction, death, or 
resuscitated cardiac arrest, and each component of the 
primary objective. The main safety objective was non-
CABG-related major bleeding during hospital stay. 
Another secondary safety objective was the composite 
of major and minor bleeding during hospital stay 
(STEEPLE defi nitions).16

The net clinical benefi t endpoint was prespecifi ed as 
the combination of death, complication of myocardial 
infarction, or major bleeding. All cinefi lms were read in 
a central angiographic core laboratory by two readers 
who were unaware of the treatment assignments. All 
ECGs were also blindly analysed in a central ECG core 
laboratory. All clinical events were adjudicated by an 
independent clinical events committee that was unaware 
of the treatment assignments. 

Statistical analysis 
A sample size of 850 patients was initially calculated on 
the basis of an incidence of the primary composite 
endpoint at 30 days in the unfractionated heparin group 
of 30%. The superiority design of the study had 
80% power to detect the diff erence between a group 
unfractionated heparin proportion, π1, of 0·30 and a 
group enoxaparin proportion, π2, of 0·216 (relative risk 
[RR] reduction 28%, odds ratio 0·643). A dropout rate of 
8% was expected, and the fi nal sample size was adjusted 
accordingly to 910 patients. The possibility of a sample 
size reassessment after 75% recruitment on the basis of a 
conditional power calculation was also allowed by the 
protocol (Addplan software), but no change in sample 
size was done after this analysis.

All analyses included the intention-to-treat population 
(all patients randomly assigned to treatment groups, 
analysed as randomised). Analysis of observed cases and 
multiple imputation procedures for missing values were 
done for sensitivity analysis of the primary and main 
secondary criteria (Proc MI SAS). χ² test for frequency 
comparisons and log-rank for survival analysis were used 
(SAS version 9.2). All subgroup analyses presented were 
prespecifi ed. An independent data and safety monitoring 
board periodically reviewed the data.

The trial is registered at ClinicalTrials.gov, number 
NCT00718471.

Role of the sponsor and of the funding source 
The trial was led by the non-profi t Academic Research 
Organization ACTION (Allies in Cardiovascular Trials, 
Initiatives and Organized Networks), located at Pitié-
Salpêtrière Hospital (University Paris 6, Paris, France). 
The trial was sponsored and partly funded by the 
Direction de la Recherche Clinique at Assistance 
Publique-Hôpitaux de Paris (AP-HP). An unrestricted 
research grant was obtained from Sanofi -Aventis, which 
had no involvement in the design of the study, site 
selection, data collection, analysis, or writing of the 
report. The trial was designed and the protocol written 
by the principal investigator and modifi ed and approved 
by the steering committee (see webappendix). Data were 
gathered by Pierrel Research-Hyperphar (Milano, Italy) 
using electronic case report forms. Data were maintained 
at the Unité de Recherche Clinique (Lariboisière 
Hospital, University Paris 7), which independently 
undertook all statistical analyses. The principal 
investigator had unrestricted access to the data after the 
database was locked, prepared the fi rst draft of the report, 
and controlled the decision to publish. The steering 
committee vouches for the integrity and completeness 
of the data and the statistician for the accuracy of the 
data analysis. 

Results 
Between July, 2008, and January, 2010, 910 patients were 
randomly assigned to receive enoxaparin (450 patients) 

Enoxaparin (n=450) Unfractionated 
heparin (n=460)

(Continued from previous page)

Eptifi batide 45 (10%) 57 (12%)

Tirofi ban 2 (<1%) 8 (2%)

β blocker 398 (88%) 385 (84%)

Statin 401 (89%) 394 (86%)

ACE inhibitor or ARB 348 (77%) 346 (75%)

Procedure characteristics

Time from sheath insertion to sheath removal (min) 40 (25–65) 40 (30–65)

Arterial access

Radial 309 (69%) 305 (66%)

Other or multiple access 141 (31%) 155 (34%)

Angiographic fi ndings, culprit artery†

Left main trunk 7 (2%) 4 (1%)

Left anterior descending artery 162 (43%) 157 (40%)

Circumfl ex artery 40 (10%) 66 (17%)

Right coronary artery 171 (45%) 162 (41%)

Coronary bypass graft 0 2 (1%)

Revascularisation 

Thromboaspiration† 184 (48%) 173 (44%)

Stent implanted† 364 (96%) 366 (94%)

Drug-eluting stent‡ 64 (18%) 66 (18%)

CABG surgery 5 (1%) 3 (1%)

Data are n (%), median (IQR), or range. CABG=coronary artery bypass graft. MI=myocardial infarction. PCI=percutaneous 
coronary intervention. PAD=peripheral artery disease. ACE=angiotensin-converting enzyme. ARB=angiotensin receptor 
blocker. *Including 58 and 60 patients without any loading dose in enoxaparin and heparin groups, respectively. †In PCI 
patients (381 enoxaparin, 391 heparin). ‡In stented patients (364 enoxaparin, 366 heparin).

Table 1: Baseline and procedure characteristics

See Online for webappendix
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or unfractionated heparin (460 patients) before primary 
PCI. Diagnosis of STEMI, randomisation, and initial 
treatment were done in the fi eld by the mobile emergency 
medical service in 643 (71%) cases. Baseline characteristics 
were well balanced between treatment groups (table 1). 
Patients were mainly male (n=712, 78%), 165 (18%) were 
older than 75 years, 86 (9%) had signs of heart failure, 
21 (2%) had presented with a resuscitated cardiac arrest, 
and 26 (3%) were in shock at the time of randomisation. 
After emergency angiography, signifi cant left main 
coronary disease was identifi ed in 43 (6%) and triple 
vessel disease in 145 (19%) patients. 775 (85%) patients 
underwent primary PCI (fi gure 1).

Procedural characteristics were much the same in both 
treatment groups (table 1). The infarct-related vessel was 
the left main trunk or the left anterior descending artery 
in 330 (43%) patients. Thrombus aspiration was done in 
357 (46%) patients (table 1). None of the patients received 
anticoagulant before randomisation and compliance with 
protocol-specifi ed study drugs was high. Intravenous 
enoxaparin was the only anticoagulant given before or at 
the time of catheterisation to 96% (n=433) of patients who 
were assigned to that treatment. Similarly, intra venous 
unfractionated heparin was the only anticoagulant given 
for catheterisation in 97% (n=444) of patients allocated 
this treatment. After the revascular isation procedure, 
33 (7%) of 450 patients in the enoxaparin group and 
49 (11%) of 460 patients in the heparin group crossed over 
to the other study treatment (a protocol violation). Finally, 
400 (89%) patients in the enoxaparin group and 395 (86%) 
patients in the heparin group were consistently treated 
across the whole hospital stay with enoxaparin or 
unfractionated heparin according to randomisation. In 
108 (14%) of 767 patients with available data for treatment 
duration, anticoagulation was stopped on the day of 
admis sion, whereas other patients needed more pro-
longed anticoagulation; the average duration of treatment 
was 4·1 days for patients on unfractionated heparin and 
4·6 days for those on enoxaparin. Intense antiplatelet 
therapy was administered (often before hospital admis-
sion) to most patients as shown by the 571 (63%) patients 
who received high-dose clopidogrel (600 mg or more) and 
the 729 (80%) patients who received glycoprotein IIb/IIIa 
inhibitors. The two groups were well matched for 
antiplatelet therapy and other treatments.

The primary endpoint occurred in 126 (28%) patients 
after anticoagulation with enoxaparin versus 155 (34%) 
with unfractionated heparin (relative risk [RR] 0·83, 
95% CI 0·68–1·01, p=0·063). The enoxaparin group had a 
signifi cantly reduced rate of the main secondary endpoint 
evaluating ischaemic outcome (30 [7%] patients vs 52 [11%]; 
RR 0·59, 95% CI 0·38–0·91, p=0·015). The number of 
missing data was low (n=15 for enoxaparin and n=12 for 
heparin). Sensitivity analyses (observed cases and multiple 
imputation procedures) confi rmed conclusions for both 
the primary and main secondary endpoints. Death or 
complication of myocardial infarc tion, as well as the net 

Figure 1: Trial profi le
STEMI=ST-elevation myocardial infarction. PCI=percutaneous coronary 
intervention. CABG=coronary artery bypass graft.

910 patients with acute STEMI were randomised

Principal management strategy
after angiography:

381 (85%) primary PCI
5 (1%) CABG

64 (14%) medical management

14 withdrew consent
2 lost to follow up

450 included in ITT analysis 460 included in ITT analysis

Principal management strategy
after angiography:

391 (85%) primary PCI
3 (1%) CABG

66 (14%) medical management

15 withdrew consent
4 lost to follow up

460 assigned to
unfractionated heparin

450 assigned to
enoxaparin

Enoxaparin 
(n=450)

Unfractionated 
heparin (n=460)

Relative risk 
(95% CI)

p value

Death, complication of MI, procedure failure, 
or major bleeding (primary endpoint)

126 (28%) 155 (34%) 0·83 (0·68–1·01) 0·063

Death, recurrent MI or ACS, or urgent 
revascularisation (main secondary 
endpoint) 

30 (7%) 52 (11%) 0·59 (0·38–0·91) 0·015

Death , complication of MI, or major 
bleeding (net clinical benefi t) 

46 (10%) 69 (15%) 0·68 (0·48–0·97) 0·030

Death or complication of MI 35 (8%) 57 (12%) 0·63 (0·42–0·94) 0·021

Death, recurrent MI, or urgent 
revascularisation 

23 (5%) 39 (8%) 0·60 (0·37–0·99) 0·044

Death or recurrent MI 20 (4%) 32 (7%) 0·64 (0·37–1·10) 0·1026

Death, any cause 17 (4%) 29 (6%) 0·6 (0·33–1·07) 0·082

Complication of MI 

Any 20 (4%) 29 (6%) 0·7 (0·4–1·23) 0·21

Resuscitated cardiac arrest 2 (<1%) 3 (1%) ·· ··

Recurrent MI or ACS 10 (2%) 20 (4%) ·· ··

Urgent revascularisation 5 (1%) 7 (2%) ·· ··

Stroke 3 (1%) 1 (<1%) ·· ··

Procedure failure*

Any 100 (26%) 109 (28%) 0·94 (0·75–1·19) 0·61

Stent thrombosis, defi nite 4 (1%) 2 (1%) ·· ··

Bailout use of glycoprotein IIb/IIIa 
inhibitors

10 (3%) 8 (2%) ·· ··

Non-TIMI 3 fl ow after procedure 44 (12%) 46 (12%) ·· ··

ST resolution <50% after procedure 61 (16%) 62 (16%) ·· ··

Bleeding endpoints†

Major bleeding 20 (5%) 22 (5%) 0·92 (0·51–1·66) 0·79

Minor bleeding 31 (7%) 40 (9%) 0·79 (0·50–1·23) 0·29

Major or minor bleeding 49 (11%) 54 (12%) 0·92 (0·64–1·32) 0·65

Blood transfusion 8 (2%) 10 (2%) 0·81 (0·32–2·04) 0·65

Data are n (%). MI=myocardial infarction. ACS=acute coronary syndrome. TIMI=thrombolysis in myocardial infarction. 
*In patients who underwent percutaneous coronary intervention (381 enoxaparin, 391 heparin). †Study defi nitions of 
bleeding were the STEEPLE defi nitions for patients exposed to at least one administration of the drug (444 enoxaparin, 
450 heparin).

Table 2: Clinical outcomes at 30 days
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clinical benefi t evaluated by the composite of death, 
complication of myocardial infarction, or major bleeding, 
were signifi cantly reduced with enoxaparin (table 2). 
Death or resuscitated cardiac death also favoured 
enoxaparin over unfractionated heparin (fi gure 2). 

The composite endpoint of non-CABG-related major 
and minor bleeding was not signifi cantly reduced with 
enoxaparin compared with unfractionated heparin 
(table 2). Although not prespecifi ed, bleeding according 
to TIMI and GUSTO criteria was also assessed. The rates 
of TIMI bleeding did not diff er signifi cantly between the 
two groups (TIMI major or minor: 4% enoxaparin [n=18] 
vs 4% heparin [n=20], p=0·77), nor were the rates of 
GUSTO bleeding (severe or moderate: 2% enoxaparin 
[n=10] vs 3% heparin [n=12], p=0·69). The two most 
common overt bleeding complications were gastro-
intestinal and access-site bleeding events, which were 
equally split between the two groups; there were two 
retroperitoneal bleeds, two intracranial haemorrhages 

(one in each group) and one fatal bleed (tamponade in 
the enoxaparin group).

Among complications of myocardial infarction, the 
largest treatment eff ect was on recurrent acute coronary 
syndrome (2% enoxaparin [n=10] vs 4% heparin [n=20], 
p=0·07). Urgent revascularisation was done in fi ve (1%) 
patients on enoxaparin versus seven (2%) on 
unfractionated heparin (p=0·59), and 30-day defi nite 
stent thrombosis occurred in four patients (1%) on 
enoxaparin and two patients on heparin (1%, p=0·45).  
The absence of ST resolution was the most common 
reason for procedure failure (123 [16%] patients). Catheter 
thrombosis occurred in two patients, one in each group.

Consistent results were obtained across all prespecifi ed 
subgroups for both the primary and main secondary 
endpoints (no signifi cant interaction), with the 
exception of the group of patients who were 
administered more than one heparin (protocol 
violation). Administration of one heparin versus more 

Figure 2: Clinical outcomes at 30 days in patients on enoxaparin or unfractionated heparin
Time-to-event curves through 30 days are shown for (A) the main secondary endpoint of death, recurrent acute coronary syndrome, or urgent revascularisation, 
(B) death or complication of myocardial infarction, (C) any death, and (D) death or resuscitated cardiac death. All these endpoints were prespecifi ed. 
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Figure 3: Rates of (A) the 
primary endpoint and 
(B) the main secondary 
endpoint in prespecifi ed 
subgroups at 30 days
MI=myocardial infarction. 
GPI=glycoprotein inhibitors.
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than one heparin aff ected outcomes. When both the 
primary and main secondary endpoints were considered, 
enoxaparin was signifi cantly better than unfractionated 
heparin in the subgroup of patients treated consistently 
with the study drug. By contrast, crossover to the other 
anticoagulant (in either group) or simultaneous 
administration of both anti coagulants was associated 
with worsened clinical out come (interaction p values 
were p=0·02 for the primary endpoint and p<0·0001 
and main secondary endpoint; fi gure 3).  

Discussion 
The ATOLL trial evaluated the effi  cacy and safety of 
intravenous enoxaparin versus unfractionated heparin in 
the contemporary interventional management of STEMI, 
which in most patients included prehospital diagnosis 
and treatment, intense antiplatelet therapy, and radial 
artery access for thrombus aspiration and primary 
stenting (panel). In this trial, data suggested fewer 
primary endpoint events with intravenous enoxaparin 
0·5 mg/kg than with heparin, but the diff erence was not 
signifi cant (p=0·06). The other endpoints, including the 
main secondary (ischaemic) endpoint, the composite 
endpoint of death or complication of myocardial 
infarction, and the endpoint of death or resuscitated 
cardiac death, were signifi cantly reduced by 37–42%. 
Safety of the two drugs was similar and the net clinical 
benefi t signifi cantly favoured enoxaparin. 

To recruit a population that was as close as possible to 
real life, we had few clinical exclusion criteria and we 
randomly assigned patients to treatment groups early (as 
refl ected by the short time from symptom onset to 
randomisation), accepting high-risk participants includ-
ing elderly patients, patients with reduced renal function, 
and patients in shock or cardiac arrest. Consequently, the 
mortality and ischaemic event rates were higher than 
those reported in recent randomised studies,3,4 but were 
similar to those of registries.20–22 Patients who had received 
anticoagulation before randomisation were excluded, 
and no crossover between anticoagulation regimens was 
allowed during or after the procedure. Antiplatelet therapy 
was the same in the two groups.

The improvement in effi  cacy outcomes was consistent 
for each evaluated manifestation of coronary ischaemia, 
and the reduction in death or resuscitated cardiac death 
could be attributable to the prevention of ischaemic 
complications as we noted for complications of myo-
cardial infarction and recurrent myocardial infarction 
or acute coronary syndrome. Our fi ndings are in 
keeping with recently reported non-randomised 
data.18–22,26 In the formal prospective enoxaparin substudy 
nested in the large FINESSE study,18 2452 patients 
with STEMI received intravenously either 0·5 mg/kg 
enoxaparin or 40 U/kg unfractionated heparin according 
to centres’ prespecifi ed use. Enoxaparin reduced the 
composite ischaemic endpoint of death, reinfarction, 
urgent revascularisation, or refractory ischaemia 

(similar to the ATOLL main secondary endpoint) by 
53% (versus 41% in ATOLL), the triple endpoint of 
death, reinfarction, or urgent revascularisation by 37% 
(versus 40% in ATOLL), and mortality by 41% (versus 
40 % in ATOLL). 

Similar signifi cant reductions of ischaemic events 
have been reported with enoxaparin in recent registries 
of primary PCI for STEMI.19–22 In these publications, 
enoxaparin has been consistently associated with signifi -
cant reductions of mortality of similar or greater 
magnitude than we recorded in ATOLL, the only large 
randomised trial testing enoxaparin in primary PCI. In 
our study, the superiority of enoxaparin was obtained 
with a background of intense antiplatelet therapy— 
80% of patients received glycoprotein IIb/IIIa inhibitors 
and 63% received 600 mg or more of clopidogrel—which 
suggests additional mechan isms of protection against 
coronary ischaemic events, as suggested in mechanistic 
studies.27,28 By comparison with unfractionated heparin, 
enoxa parin has a weaker affi  nity for endothelial cells, 
anti-infl am matory properties, and favourable eff ects on 
von Willebrand factor release and glycoprotein Ib/IX 
recep tors; these factors play a key part in the pathogenesis 
of myocardial infarction and are all aff ected favourably 
by enoxaparin. These factors along with a superior 
bioavailability and a consistent reliable anticoagulant 
eff ect of the drug could account for the benefi ts seen on 
ischaemic events.

Surprisingly, there was no reduction of severe 
haemorrhages using the same defi nitions as in 
the STEEPLE study,16 which reported a signifi cant 
57% reduction of major bleeding with enoxaparin 
0·5 mg/kg. This fi nding also contrasts with the FINESSE 
results, which showed a 41% reduced rate of TIMI major 
bleeding with the same drug regimen.18 Two-thirds of our 
patients underwent PCI using the radial approach, 
whereas femoral access was the rule in the STEEPLE and 
FINESSE studies. This approach eliminates femoral 
access site complications, a common source of bleeding 
after PCI, and is the most likely explanation for the 
absence of a signifi cant safety benefi t with enoxaparin in 
our study.29 It had also a direct eff ect on the magnitude of 
eff ect measured for the primary endpoint, which included 
major bleeding. This recent change in practice concerning 
the access site for PCI was unexpected and to our 
knowledge ATOLL is the fi rst international randomised 
study to report a predominant use of radial access for 
primary PCI.

Although enoxaparin has been used subcutaneously 
for many years in acute coronary syndromes, its intra-
venous use is quite recent though pharmacologically 
well adapted to PCI and emergency situations, since it 
provides immediate and predictable anticoagulation 
and is fully eff ective for 2 h.13,14 This advantage is 
achieved with a protocol that is simpler than that 
typically used for unfractionated heparin: one 
intravenous bolus without anticoagulation monitoring, 
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at the same dose with or without glycoprotein IIb/IIIa 
inhibitors, and immediate sheath removal after radial 
or femoral PCI.30 Although stacking or switching of 
drugs was forbidden in our study, it nonetheless 
occurred in a few patients, mostly after the procedure 
when patients were moved to an intensive care unit, 
and was associated with worsened clinical outcomes in 
this prespecifi ed analysis. Although this fi nding could 
be confounded by the fact that this information is 
postrandomisation and possibly related to imbalance in 
underlying risk or evolution, it confi rms previous 
reports.5–7 Nine of ten patients were treated consistently 
with the same anticoagulant, which is a major diff erence 
compared with recent trials in which mixing of drugs 
was frequent and diffi  cult to interpret; in patients on 
consistent therapy in ATOLL, both the primary and 
main secondary endpoints were signifi cantly improved 
by enoxaparin versus unfractionated heparin, recog-
nising that there is little randomised evidence of the 
magnitude of benefi t off ered by heparin over placebo in 
this situation.

Our study has several strengths, including the 
recruitment of a broad risk, real world population 
managed with current, guidelines-supported drugs 
and techniques, and comparison of two consistent 
anti coagulation strategies combined with similar anti-
platelet therapy. Nevertheless, several limitations 
should be noted. First, an open-label design was 
imposed by several logistical complexities: emergency 
nature of the treatment, need for diff erent doses of 
unfractionated heparin according to the use of glyco-
protein IIb/IIIa inhibitors and activated clotting time 
results obtained in the catheterisation laboratory, and 
consistent anti coagulation to be continued after the 
procedure. Second, the study was underpowered for 
low frequency events. However, the endpoints presented 
were prespecifi ed, the reductions were consistent across 
all ischaemic criteria including the hardest endpoints, 
the fi ndings were plausible on the basis of the known 
mechanistic eff ects of enoxaparin,5,16,27,28 and the data 
were in line with recent reports in the fi eld. Third, a 
screening log was not kept, and thus the extent to which 
these results can be generalised is not known. The next 
logical step would be a large randomised trial comparing 
enoxaparin with bivalirudin, allowing the use of the 
new P2Y12 antagonists.

In conclusion, intravenous enoxaparin compared with 
unfractionated heparin did not signifi cantly reduce the 
ATOLL primary endpoint; however, signifi cance was 
present in patients consistently treated with the study 
drug. Intravenous enoxaparin did reduce secondary 
endpoints of adverse ischaemic events without a 
signifi cant diff erence in bleeding endpoints compared 
with unfractionated heparin. Therefore, the net clinical 
benefi t was improved with enoxaparin in patients 
undergoing primary PCI.

Panel: Research in context
Systematic review
We searched Medline and the Cochrane databases from 
1980 to 2011. A full electronic search strategy was done, 
and the terms used for research were: “enoxaparin”, 
“unfractionated heparin”, and “PCI” [percutaneous coronary 
intervention].  Four clinical studies including the ATOLL 
study have compared intravenous 0·5 mg/kg enoxaparin 
with unfractionated heparin in PCI. Two, including the 
ATOLL study, were randomised studies comparing 
enoxaparin with unfractionated heparin,16 one was a formal 
prospective substudy of a randomised study,18 and the last 
one was a non-randomised comparison between 
enoxaparin and unfractionated heparin.22 One study was 
done in elective PCI16 and three in primary PCI.18,22 To further 
evaluate the eff ect of intravenous 0·5 mg/kg enoxaparin, we 
did a meta-analysis of all four PCI studies using the original 
study defi nitions (fi gure 4). The net clinical benefi t was the 
primary objective of this meta-analysis, defi ned as the 
composite of death, myocardial infarction, or major 
bleeding. To give a global estimation of the treatment 
eff ect, the results of all studies were combined with a fi xed 
eff ect model. The Q Cochran test was used to look for 
heterogeneity between groups. 

Interpretation
In this pooled analysis, enoxaparin was superior to 
unfractionated heparin with a relative risk (RR) reduction of 
26% of the net clinical benefi t endpoint. The composite of 
death or myocardial infarction was reduced with enoxaparin 
0·5 mg/kg (RR 0·75, 95% CI 0·60–0·93, p=0·009) as well as 
major bleeding (0·66, 95% CI 0·50–0·88, p=0·006). Mortality 
was also signifi cantly reduced with enoxaparin (RR 0·68, 
95% CI 0·51–0·91, p=0·009).

Figure 4: Meta-analysis of the four studies that compared intravenous enoxaparin 0·5 mg/kg with 
intravenous unfractionated heparin in percutaneous coronary intervention
Meta-analysis of four studies evaluating net clinical benefi t defi ned as death, myocardial infarction, or major 
bleeding. The upper panel presents studies that randomly assigned patients to receive intravenous enoxaparin 
0·5 mg/kg or intravenous unfractionated heparin. The lower panel presents non-randomised studies. The fi nal line 
is the global analysis of all four studies. RR=relative risk.
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