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Atherothrombosis, characterised by atherosclerotic lesion disruption with superim-
posed thrombus formation, is the major cause of acute coronary syndromes (ACS) and
cardiovascular death. It is the leading cause of mortality in the industrialised world.
Atherosclerosis is a diffuse process that starts early in childhood and progresses
asymptomatically through adult life. Later in life, it is clinically manifested as
coronary artery disease, stroke, transient ischaemic attack, and peripheral arterial
disease. From the clinical point of view, we should envision this disease as a single
pathologic entity that affects different vascular territories. Available antithrombotic
therapy is very safe and efficient but the morbidity and mortality due to
atherothrombosis is still unacceptably high. Recent evidence suggests that inhibition
of tissue factor or elements in the tissue factor pathway (i.e., factors VIIa and Xa, or
thrombin) has the potential to further improve outcomes in atherothrombosis. Here,
we will review the most important concepts and advances in the pathogenesis,
prevention, and antithrombotic treatment of this widespread disease.

�c 2004 The European Society of Cardiology. Published by Elsevier Ltd. All rights
reserved.
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Introduction

Atherothrombosis, defined as atherosclerotic plaque
disruption with superimposed thrombosis, is the leading
cause of mortality in the Western world. Atherosclerosis
is a diffuse process that starts early in childhood and
progresses asymptomatically through adult life. Later in
life, it is clinically manifested as coronary artery disease
(CAD), stroke, transient ischaemic attack (TIA), and pe-
ripheral arterial disease (PAD). From the clinical point of
view, we should envision this disease as a single patho-
logic entity that affects different vascular territories. A
suggestive analogy is that TIA and intermittent claudi-
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cation are the unstable angina of the brain and lower
limbs, respectively; and stroke and gangrene are the
myocardial infarction (Fig. 1).1

Endothelial dysfunction is a systemic, reversible dis-
order considered the earliest pathologic process of ath-
erothrombosis.2;3 It is involved in the recruitment of
inflammatory cells into the vessel wall and in the initia-
tion of atherosclerosis (Fig. 2). Endothelial cells produce
cytokines, express adhesion molecules such as ICAM-1,
VCAM, and selectins, and assist leukocytes and other
blood-derived cells in “homing” and atheroma infiltra-
tion. Secondary changes may occur in the underlying
media and adventitia, particularly in advanced disease
stages. Fatty streaks have been found to be present al-
ready in the intima of infants.4 Lesions progress to fi-
broatheroma by developing a cap of smooth muscle cells
and collagen. Atherosclerotic lesions can progress with-
out compromising the lumen because of compensatory
vascular enlargement (positive remodelling).5 Impor-
tantly, lipid-rich lesions leading to acute coronary
rdiology. Published by Elsevier Ltd. All rights reserved.
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Fig. 1 Major clinical manifestations of atherothrombotic disease.
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syndromes (ACS) are often mildly stenotic, due to sig-
nificant positive remodelling, and therefore are not de-
tectable by angiography. Plaque disruption and
subsequent thrombus formation is responsible for the
onset of most ACSs and strokes. The magnitude of the
thrombotic process triggered upon plaque disruption is
modulated by different elements that determine plaque
and blood thrombogenicity: local shear rate, tissue fac-
tor (TF), apoptotic microparticles, circulating mono-
cytes, and others. The atherosclerotic and thrombotic
processes appear to be interdependent and could
therefore be integrated under the term “atherothrom-
hrombosis”, a broader term that includes both athero-
sclerosis and its thrombotic complications (Fig. 1).1;6
om
/eurheartj/article/25/14/1197/5
High-risk atherothrombotic plaque

In spite of a common pathophysiologic pathway, ath-
erosclerotic lesions are very heterogeneous and the
“high-risk plaque” of each vascular bed has unique
characteristics. Insights into the disease have advanced
beyond the notion of progressive occlusion of the coro-
nary artery into the recognition that plaque disruption
and superimposed thrombus formation are the leading
Fig. 2 Normal and abnormal endothelial function. Anti-atherogenic and a
vascular homeostasis by regulating vascular tone, thrombogenicity, platelet
vasomotion. Normally functioning endothelium (left) produces several substan
vasodilators (nitric oxide [NO]) and vasoconstrictors (endothelin 1 [ET-1]), im
balancing the coagulation system by controlling fibrin production (TF pathwa
minogen activator inhibitor-1 [PAI-1]). Dysfunctional endothelium (right) favou
(MCP-1)), and plaque growth, and induces vasoconstriction ! ¼ induces; - -
proteinase; TXA2 ¼ thromboxane A2; VEGF¼ vascular endothelial growth facto
causes of acute coronary syndromes and cardiovascular
death. Consequently, plaque composition (as a deter-
minant of risk of disruption), rather than luminal steno-
sis, has become the major determinant of this disease.7

Histologically, these rupture-prone (also called vul-
nerable or high-risk) lesions consist of a large core of
extracellular lipid, a dense accumulation of macro-
phages, reduced numbers of vascular smooth muscle
cells, and a thin fibrous cap. Hence, is not surprising that
these plaques are less stable and have a greater pro-
pensity to rupture than the fibrous, collagen-rich pla-
ques. Plaque disruption usually occurs at the weakest
point (“shoulder”), where the cap is often thinnest and
most heavily infiltrated with inflammatory cells.8 Once
the plaque is disrupted, the highly thrombogenic, lipid-
rich core, with abundant tissue factor, is exposed to the
bloodstream, triggering the formation of a superimposed
thrombus that leads to vessel occlusion and subsequent
ischaemic symptoms distal to it.9

In contrast with most high-risk coronary plaques, high-
risk carotid plaques are considerably more stenotic. They
are not lipid-rich but rather heterogeneous and very fi-
brous. Plaque disruption is often caused by an intramural
haematoma or dissection that probably is related to the
systolic stroke of blood against the resistance they of-
fer.10 Although lipid accumulation in the carotid arteries
is quite diffuse, a recent study reported the presence of
ruptured lipid-rich plaques in patients with TIA and
stroke.11 In addition, the so-called “cryptogenic strokes”
also have an atherothrombotic origin. The source of
emboli is usually a carotid or aortic thrombus.12

Similarly, high-risk plaques of the lower extremities
appear to be very stenotic and fibrotic.13 Available evi-
dence suggests that in PAD, plaque stenosis associated
with hyperthrombogenicity of the blood seem to be
major contributors to acute ischaemic syndromes (sud-
den ischaemic pain, gangrene). This is suggested by the
ntithrombotic properties of the endothelium. The endothelium affects
function, proliferation and migration of smooth muscle cells (SMC), and
ces that maintain normal shear conditions by balancing the production of
peding excessive platelet aggregation (NO and prostacyclin [PGI2]), and
y inhibitor/TF) and fibrinolysis (tissue plasminogen activator [tPA]/plas-
rs macrophage adhesion and migration (monocyte chemotactic protein-1
- - - ¼ inhibits; FDP¼fibrin-degrading product; MMP¼matrix metallo-
r.
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high prevalence of known causes of a hyperthrombotic
state of the blood, such as diabetes, cigarette smoking,
and dyslipidaemia,14 in PAD patients.15

Conversely, high-risk plaques in the thoracic aorta
frequently contain a high proportion of extracellular
lipids and are characterised by a shift toward greater
macrophage content relative to smooth muscle cells in
the cap. At autopsy, aortic plaques from persons who
died of ischaemic heart disease often have ulceration
and mural thrombosis.16 Recent aortic plaque charac-
terisation by magnetic resonance imaging (MRI) has
confirmed their lipid-rich composition.17

Over the last decades, pathologic studies have shown
an increased number of vasa vasorum in advanced ath-
erosclerotic lesions. A correlation between the extent of
vasa vasorum neovascularisation and severity of athero-
sclerotic disease has been demonstrated in human cor-
onary arteries. Therefore, this observation indicates that
the vasa vasorum might play a role in atherogenesis as a
regulator of plaque progression and instability. Never-
theless, whether neovascularisation precedes or follows
plaque development is still not known. Interestingly, a
recent experimental study demonstrated that the angi-
ogenesis inhibitor angiostatin reduces macrophage ac-
cumulation and progression of advanced atherosclerosis.
up.com
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High-risk blood

Two thirds of ACSs are caused by the disruption of a high-
risk atherothrombotic plaque with superimposed throm-
bus formation. In one third of ACSs, particularly in sudden
coronary death, there is no rupture of a high-risk athero-
thrombotic plaque but only a superficial erosion of a
markedly stenotic and fibrotic lesion.18

Thrombus formation in such cases may depend on a
hyperthrombogenic state triggered by systemic factors.
Indeed, several cardiovascular risk factors, including el-
evated LDL cholesterol, cigarette smoking, and hyper-
glycaemia, have been associated with increased blood
thrombogenicity.19

Circulating tissue factor has been associated with in-
creased blood thrombogenicity in patients with unstable
angina20 and chronic coronary artery disease. Blood
levels of tissue factor have also been shown to predict
outcome in patients with unstable angina.21

Several lines of evidence support the hypothesis that
circulating apoptotic cells and cellular microparticles
may play a significant role in blood thrombogenicity.
Patients with ACS have elevated levels of circulating
tissue factor,21 and there is evidence that acute throm-
bosis may be initiated by membrane-bound circulating
tissue factor originating from activated or injured
cells.22 It is believed that a major source of blood-borne
tissue factor could be the circulating microparticles,
which are endowed with potent procoagulant potential,
attributable to the presence of phosphatidylserine on
their surface.23 A significant increase in the number of
circulating endothelial cells, some of them apoptotic,
has also been reported in patients with ACS.24 The cir-
culating procoagulant microparticles may also contribute
to the blood thrombogenicity of patients with hyperlip-
idaemia or high blood glucose concentrations; these
vascular risk factors are known to be responsible for in-
creased apoptotic activity in vitro.25

Elevated LDL cholesterol levels have been found to
increase blood thrombogenicity and the growth of
thrombi under defined rheology conditions.26 Reducing
LDL cholesterol levels with statins has been shown to
decrease thrombus growth by approximately 20%.27 The
extent to which this antithrombotic effect contributes
to the reduction of total vascular events, including
death, coronary events, and stroke, is a matter of
debate.28

Diabetic patients, especially those with poorly con-
trolled diabetes, have increased blood thrombogenic-
ity.29 Platelets from patients with diabetes have been
shown to have increased reactivity and hyperaggrega-
bility and expose a variety of activation-dependent ad-
hesion proteins.30 Abnormal platelet function is reflected
by increased platelet consumption and increased accu-
mulation of platelets on the altered vessel wall. The in-
creased procoagulant activity in diabetes is also
attributed to leukocytes, which may, in part, activate
the tissue factor pathway31 and contribute to the high
blood thrombogenicity.30

Fibrinogen concentration was found to be associated
with increased blood thrombogenicity.32 Several of the
classic risk factors have been shown to modulate fibrin-
ogen levels. Fibrinogen levels tend to be higher in pa-
tients with diabetes, hypertension, obesity, smoking
habit, and sedentary lifestyles.33;34 However, further
clinical trials are needed before it can be determined
whether fibrinogen is directly involved in the pathogen-
esis of atherothrombosis or is merely a marker of the
degree of vascular damage.

As previously described, lipid-rich atherosclerotic
plaques contain tissue factor associated with macro-
phages within the lesion,35 which may account, in large
part, for the high thrombogenicity of these lesions. In
addition, specific inhibition of the tissue factor pathway
by its physiologic inhibitor, tissue factor pathway inhib-
itor (TFPI), significantly reduces plaque thrombogenic-
ity.36
Early detection with noninvasive imaging
technology

As discussed above, culprit lesions are often mildly ste-
notic owing to significant positive remodelling and,
therefore, not detectable by angiography. Given the
importance of plaque composition rather than degree of
stenosis, over the last decade there has been a sub-
stantial improvement in different noninvasive imaging
modalities that allow full characterisation of athero-
thrombotic plaques.6 Use of these imaging techniques
to detect subclinical pathology and as a surrogate
marker may supplement or improve cardiovascular risk
assessment, especially in patients with intermediate
cardiovascular risk.
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Ultrasound

Measurements of carotid and aortic wall thickness, as
well as qualitative and quantitative analysis of athero-
thrombotic plaques, can be made by ultrasound. Hypo-
echoic heterogeneous plaque is associated with both
intraplaque haemorrhage and lipids, whereas hyperech-
oic homogeneous plaque is mostly fibrous.37

The North American Symptomatic Carotid Endarter-
ectomy Trial and the Asymptomatic Carotid Artery
Stenosis Study have shown that the degree of stenosis
plays a significant role in producing stroke.38 Real-time
B-mode ultrasound with Doppler flow imaging has
emerged as the modality of choice for examining the
carotid arteries. Real-time B-mode ultrasound can be
used to measure the intima-media thickness of large- and
medium-size arteries, such as the carotid, femoral, or
radial. Several studies have found that carotid and aortic
atherosclerosis are markers for coronary atherosclero-
sis.39;40 Patients with symptomatic CAD have increased
intima-media thickness compared with asymptomatic
controls.41 Carotid wall thickening was also found in
patients with silent ischaemia.42 The relationship be-
tween intima-media thickness and the severity of CAD is
rather constant. In addition, large prospective studies
have demonstrated that intima-media thickness is a
useful marker of CAD progression. For example, the
Cardiovascular Health Study43 found associations be-
tween carotid intima-media thickness and the incidence
of new myocardial infarction or stroke in patients 65
years of age. Prevention trials of lipid-lowering treat-
ments using intima-media thickness as a surrogate end-
point have shown that retardation in the progress of
intima-media thickness correlates with a reduction of
clinical endpoints.44 Recently intima-media thickness
was compared with C-reactive protein, a well known
inflammation marker, and was found to be an indepen-
dent and accurate predictor of ischaemic stroke.45
Fig. 3 Effect of lipid-lowering by simvastatin on human atherosclerotic aort
scanned at different time points (baseline and 6, 12, and 24 months after
reduction in vessel wall area and plaque thickness without changes in the lum
the maximal plaque thickness.
Magnetic resonance imaging

High-resolution MRI has emerged as the potential leading
noninvasive in vivo imaging modality for atherosclerotic
plaque characterisation.

Recently, Cai et al.46 published a classification of
carotid atherothrombotic lesion with in vivo, multicon-
trast MRI. The authors found a strong correlation be-
tween the classification of the American Heart
Association and the one obtained with MRI. More re-
cently, Yuan et al.11 reported on the presence of a rup-
tured fibrous cap (identified with MRI) in patients who
had experienced a stroke or TIA within 90 days. In
addition, the use of gadolinium provides additional
information, since it allows the identification of neo-
vascularisation in atherothrombotic plaques and may
distinguish a fibrous cap from a necrotic core.47

Experimental studies in a pig model showed that the
difficulties of coronary wall imaging are due to a combi-
nation of cardiac and respiratory motion artefacts, non-
linear course, small size, and location of the coronary
arteries.48 Our group extended the black-blood MRI
methods used in the human carotid artery and aorta to
imaging the coronary arterial lumen and wall.49 High-
resolution black-blood MRI of both normal and athero-
sclerotic human coronary arteries was performed. The
difference in maximum wall thickness between the nor-
mal subjects and patients (P40% stenosis) was statisti-
cally significant.49 This coronary plaque MRI study49 was
performed during breath-holding to minimise respiratory
motion. We have shown recently that MRI can be used to
measure the effect of lipid-lowering therapy (statins) in
asymptomatic, untreated, hypercholesterolaemic pa-
tients with carotid and aortic atherosclerosis.50 (see Fig.
3) Atherosclerotic plaques were assessed with MRI at
different time points after initiation of lipid-lowering
therapy. Significant regression of atherosclerotic lesions
was observed. Despite the early and expected hypolipi-
ic lesions. T2-weighted magnetic resonance images of the same patient
simvastatin) and detail of the descending aorta (bottom). A significant
en was demonstrated after 12 months of treatment. The arrow indicates
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daemic effect of the statins, a minimum of 12 months was
needed to observe changes in the vessel wall. No changes
were detected at 6 months. In agreement with previous
experimental studies, there was a decrease in the vessel
wall area and no change in the lumen area at 12 months.50
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Ankle-brachial index

The ankle-brachial index is a very simple noninvasive
method for assessing the patency of the lower-limb ar-
terial system and screening for the presence of PAD.
Measurement of the ankle-brachial index is a simple
procedure and requires only an ordinary blood pressure
cuff and a Doppler ultrasound sensor. The ankle-brachial
index is calculated from blood pressure measurements in
the brachial artery in both arms and the left and right
posterior tibial arteries and dorsalis pedis arteries. Low
ankle-brachial index values (<0:90) are considered evi-
dence of PAD, and progressively lower ankle-brachial
index values indicate more severe obstruction. Low an-
kle-brachial index values are also considered to be in-
dicative of generalised atherosclerosis.51
m
ic.oup.com
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Biomarkers of atherothrombosis

In recent years, a number of biomarkers have been pro-
posed as significant predictors of atherosclerosis and
its thrombotic complications (Table 1). Among them, C-
reactive protein is one of the most studied. C-reactive
protein is an acute-phase reactant that increases in in-
flammatory states. A growing body of evidence suggests
that even small increases in C-reactive protein are pre-
dictive of future vascular events in apparently healthy,
asymptomatic individuals.52 Recently, Danesh et al.53 re-
ported a meta-analysis of 14 prospective studies on C-re-
active protein and the risk of nonfatal myocardial
infarction or death from coronary heart disease. The
analysis comprised 2557 cases and a mean follow-up of 8
years. The adjusted risk ratio was 1.9 (95% confidence in-
terval, 1.5–2.3) for the development of CAD amid the
patients in the top tertile of baseline C-reactive protein
concentrations comparedwith those in the bottom tertile.
In addition, several studies demonstrated that C-reactive
protein predicts recurrent events or increasedmortality in
patients with stroke, ACS, stable angina, and PAD.52;54–56

Among the prothrombotic markers, fibrinogen is one
of the most studied.57 It is a circulating glycoprotein that
Table 1 Biomarkers in atherothrombosis

Inflammation markers Thrombosis markers

C-reactive protein Fibrinogen
Interleukins von Willebrand factor
CD40 ligand Plasminogen activator

inhibitor 1
Serum amyloid A Fibrinopeptide A
Vascular and cellular

adhesion molecules
Prothrombin fragment 1þ 2
acts at the final step of the coagulation cascade. Aside
from its role in thrombosis, a number of other functions
have been postulated, including regulation of cell ad-
hesion and migration, vasoconstriction, stimulation of
platelet aggregation, and determination of blood vis-
cosity.58;59 Epidemiologic evidence supports an indepen-
dent association between elevated fibrinogen and
cardiovascular morbidity and mortality. Two recent
meta-analyses involving 18 and 22 prospective studies
demonstrated strong, statistically significant, risk ratios
for the individuals in the upper tertile of baseline fi-
brinogen levels compared with those in the bottom ter-
tile (risk ratio, 1.8, 95% CI 1.6–2.0, and odds ratio, 1.99,
95% CI 1.85–2.13, respectively).33;53 Additionally, other
studies demonstrated an independent association be-
tween fibrinogen and stroke and PAD.34;60;61
Antithrombotic approaches

Treatment of atherothrombotic patients must include the
management of cardiovascular risk factors and anti-
platelet treatment for the prevention of thrombotic
complications. Secondary prevention of an ischaemic
event in the index territory will provide primary preven-
tion for other arterial beds that are still clinically silent.
The aims of antiplatelet therapy are, firstly, to prevent
the occurrence of acute ischaemic events through inhi-
bition of platelet thrombus formation and, secondly, to
protect distal tissues by inhibiting microembolisation.
Due to the systemic nature of the disease, antiplatelet
therapy (which has shown consistent benefit across all
arterial beds) is essential for optimal prevention of is-
chaemic events in atherothrombotic patients.62

The significance of thrombosis in atherothrombotic
disease is evidenced by the fact that antithrombotic
therapy has reduced the relative risk of cardiovascular
events by up to 25%.63 Several landmark trials have es-
tablished the efficacy of aspirin in atherothrombosis
(Table 2). Remarkably, the ISIS-2 study found that the
effect of aspirin in acute myocardial infarction (MI) was
comparable to the effect of a fibrinolytic agent (strep-
tokinase).64 A recent meta-analysis by the Antithrom-
botic Trialists Collaboration suggests that the use of
aspirin should be expanded to populations such as those
with diabetes, peripheral arterial disease, carotid dis-
ease, and end-stage renal disease. They also concluded
that there is no additional benefit by using chronic as-
pirin doses higher than 75 mg.62 The Thrombosis Pre-
vention Trial (TPT)65 demonstrated a 20% relative
reduction in the combined endpoint of coronary death
and nonfatal MI with a dose of aspirin of 75 mg.

In the antiplatelet armamentarium, clopidogrel rep-
resents a critical advance and several clinical trials have
been carried out with this drug (Table 3). A daily 75 mg
dose of clopidogrel was compared with a daily 325 mg
dose of aspirin in patients with cardiovascular disease in
the CAPRIE66 (Clopidogrel versus Aspirin in Patients at
Risk of Ischaemic Events) trial. After an average of 1.9
years follow-up, the data demonstrated a statistically
significant 8.7% relative risk reduction in the composite



Table 2 Landmark acetylsalicylic acid trials

Trial Patients Treatment

ISIS-2 17,187 men with suspected MI ASA 160 mg daily vs. placebo
US Physicians Health Study 22,701 healthy physicians ASA 325 mg every other day
Thrombosis Prevention Trial (TPT) 5085 high-risk men from UK ASA 75 mg daily vs. placebo
Hypertension Optimal Treatment (HOT) 18,790 hypertensive men and women ASA 75 mg daily vs. placebo

Table 3 Landmark clopidogrel trials

Trial Patients (n) Treatment

CURE 17,187 ASA 160 mg daily vs. placebo
CAPRIE 22,701 ASA 325 mg every other day vs.

placebo
CREDO 5085 ASA 75 mg daily vs. placebo
PCI-CURE 18,790 ASA 75 mg daily vs. placebo
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endpoint of MI, ischaemic stroke, and vascular death.
This is noteworthy when one takes into account that
aspirin, which itself has a marked effect compared with
placebo, was used as an active control.

Clopidogrel for the Reduction of Events During Ob-
servation (CREDO) was a multicenter, double-blind study
of patients with stable and unstable angina who were
undergoing percutaneous coronary intervention. The
trial demonstrated the safety and efficacy of clopidogrel
treatment before the procedure, and the beneficial ef-
fect of prolonged (1 year) versus short-term (1 month)
antiplatelet therapy.67

The combination of aspirin and clopidogrel has a
synergistic effect in preventing thrombus formation. The
CURE68 (Clopidogrel in Unstable angina to prevent Re-
current Events) trial tested the efficacy of this combi-
nation compared with aspirin alone. The results showed a
20% relative risk reduction of the composite endpoint of
nonfatal MI, stroke, and cardiovascular death in the
combination group. Patients assigned to the dual anti-
platelet treatment had higher rates of major bleeding,
but no increase in life-threatening bleeding. A subgroup
analysis of patients who underwent percutaneous coro-
nary intervention (PCI) during the CURE trial, PCI-
CURE,69 demonstrated that pretreatment (mean¼ 10
days) with clopidogrel and aspirin before percutaneous
coronary intervention, as well as long-term treatment
(mean¼ 8 months), was useful in reducing ischaemic
events. Many studies with clopidogrel are still ongoing
(Table 4).
Table 4 Ongoing clopidogrel trials

Study Patients M

ACTIVE Atrial fibrillation 4
CAMPER PAD (post-angioplasty) 3
CHARISMA Cardiovascular or cerebrovascular

disease, PAD, or major risk factors
4

COMMIT (CCS-2) Acute MI 4
CLARITY Acute MI 4
MATCH TIA or ischaemic stroke 1
There have been 5 large randomised trials of oral
glycoprotein (GP) IIb/IIIa antagonists in patients with
CAD: OPUS-TIMI 16,70 EXCITE,71 SYMPHONY,72 SYMPHONY
II,73 and BRAVO.74 Although these agents once held great
potential, all the clinical trials consistently demon-
strated an increased mortality with GP IIb/IIIa agent
compared to placebo. A recent meta-analysis of 4 trials
showed a significant 37% increase in mortality with the
use of a GP IIb/IIIa antagonist.75
Future pharmacologic targets

Despite the important beneficial effect of antiplatelet
therapy in atherothrombotic disease, the mortality of
this pathology is still unacceptably high. In order to ad-
dress this problem, novel antithrombotic agents have
been developed for inhibiting the tissue factor metabolic
pathway. Specifically, interest is focused on thrombin
inhibitors76 and factor Xa inhibitors.77 A summary of the
antithrombotic drugs under development is presented in
Table 5.

Thrombin inhibitors not only prevent thrombin pro-
haemostatic reactions, such as thrombin-induced platelet
aggregation and secretion, but also the synthesis of some
mediators (tissue factor, thrombomodulin, endothelin)
from the vascular endothelium. Moreover, they interfere
with some of the “pleiotropic” effects of thrombin, in-
cluding fibroblast proliferation andmitogenesis of smooth
muscle cells. A recent experimental study assessed the
antithrombotic effect of ximelagatran in comparison with
hirudin and enoxaparin in healthy male volunteers. The
effect of ximelagatran on thrombin generation and
platelet activation was comparable with the one observed
in the active controls.78

In the SPORTIF II79 trial, a dose-guiding study, ximel-
agatran at 20, 40, and 60 mg twice daily was compared
with warfarin in patients with nonvalvular atrial fibrilla-
tion. One ischaemic stroke and one TIA occurred in the
ximelagatran arm versus two TIAs in the warfarin arm. No
aximum follow-up Patients (n) Results expected

8 months �14,000 2007
0 months �2000 2006
2 months �15,200 2005

weeks �45,000 2005
weeks 3000 2004
8 months 7601 2004



Table 5 Antithrombotic drugs under development or recently approved for clinical use

Therapeutic agent Mechanism of action Model References

Tissue-factor inhibitors
Tissue-factor-pathway inhibitor** Direct binding to factor Xa Animal Oltrona et al.86

Inhibition of TF:VIIa complex In vitro Badimon et al.36

Gene transfer of TFPI Local expression of TFPI Animal Atsuchi et al.87

Golino et al.88

Monoclonal antibodies Inhibition of TF activity Animal Ragni et al.89

Active site-inactivated factor VIIa Competitive inhibition of TF-dependent Animal Banner et al.90

activation of factor Xa In vitro Jang et al.91

Nematode anticoagulant protein c2 Inhibition of TF:VIIa complex Human Lee et al.92

Human Moons et al.93

Factor Xa inhibitors
DX9065 Direct inhibition of factor Xa Human Shimbo et al.83

Human Dyke et al.77

Fondaparinux Indirect inhibition of factor Xa Human Turpie et al.94

Human Buller et al.95

Human Bauer et al.96

Human PENTUA84

Human PENTALYSE85

Idraparinux (SanOrg34006) Indirect inhibition of factor Xa Human PERSIST investigators97

Human Reiter et al.98

Thrombin inhibitors
Hirudin Direct thrombin inhibitor Human OASIS 1 & 299;100

Bivalvidurin Direct thrombin inhibitor Human CACHET101

Argatroban Active-site thrombin inhibitor Human ARGAMI102

Melagatran Active-site thrombin inhibitor Human METHRO I, II, III103;104

Ximelagatran (oral) Active-site thrombin inhibitor Human METHRO I, II, III103;104

Human SPORTIF I, II, III, V79–81

Low-molecular-weight heparins
Enoxaparin Human ESSENCE105

Dalteparin Human FRISC I, II106

Nadroparin Human FRAXIS107

Bemiparin Human Navarro-Quilis et al.108

Antiplatelets
AR-C69931MX P2Y12 antagonist Human Storey et al.109

YD-3 Protease-activated receptor 4 antagonist In vitro Wu et al.110

AJvW-2 Anti-vW factor monoclonal antibody Animal Kageyama et al.111
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major bleeding occurred in the ximelagatran group
compared to one case in the warfarin group. The authors
concluded that ximelagatran up to 60 mg twice daily was
well tolerated without need for coagulation monitoring.
SPORTIF III and V trials are designed to compare ximel-
agatran versus warfarin in high-risk atrial fibrillation
patients (similar to SPORTIF II) with nonvalvular atrial
fibrillation. In the SPORTIF III trial, patients with non-
valvular atrial fibrillation were randomised (open-label)
to ximelagatran 36 mg twice daily or warfarin (INR 2–3).
In the ximelagatran group there was 41% relative risk
reduction ðp < 0:018Þ in stroke or systemic embolism. In
summary, ximelagatran was as effective as warfarin and
caused less bleeding.80 The major disadvantage is the
elevation of liver enzymes in a small proportion of pa-
tients. The ongoing SPORTIF V (double blind) trial will
provide additional information on the efficacy and safety
of ximelagatran in the same patient population.81

Recently, the ESTEEM randomised, controlled trial
assessed the efficacy of oral ximelagatran for secondary
prophylaxis after myocardial infarction. Oral ximelaga-
tran significantly reduced the risk for the primary end-
point compared with placebo from 16.3% (102 of 638) to
12.7% (154 of 1245) (hazard ratio. 76, 95% CI 59–0.98,
p ¼ 0:036) for the combined ximelagatran groups versus
placebo. There was no indication of a dose response in
the ximelagatran groups. Major bleeding events were
rare, 1.8% (23 of 1245) and 0.9% (6 of 638) (hazard ratio
1.97, 95% CI 80–4.84) in the combined ximelagatran and
placebo groups, respectively. The authors concluded
that oral direct thrombin inhibition with ximelagatran
and aspirin is more effective than aspirin alone in pre-
venting major cardiovascular events during 6 months of
treatment in patients who have had a recent myocardial
infarction.82

Several factor Xa inhibitors have been made available
(Table 5). Fondaparinux and DX-9065a are the two most
studied. Shimbo et al.83 investigated the antithrombotic
effect of DX-9065a in an ex vivo model of arterial
thrombosis and compared its effect with enoxaparin. The
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authors concluded that the antithrombotic effect was
better than enoxaparin and without the significant pro-
longation of the standard coagulation parameters ob-
served with enoxaparin. The recently published
XANADU77 trial describes the first human study on the
safety of DX-9065a in patients undergoing percutaneous
coronary intervention. In both studies the drug was in-
fused parenterally. We strongly believe that future re-
search should be focused on developing an orally active
factor Xa inhibitor.

The Double-Blind Dose-Ranging Study of Fondaparinux
(Pentasaccharide) in Unstable Angina (PENTUA) trial ex-
amined different doses of Fondinaparux versus enoxap-
arin in patients with acute coronary syndromes. A total
of 1147 patients were enrolled and 1134 of them were
randomised to either enoxaparin or one of four different
doses of fondaparinux. Along with the treatment drug,
all patients were also on acetylsalicylic acid (ASA) and
95% on beta-blockers. Patients were treated for 3–8
days, or until coronary revascularisation. The primary
endpoints were death, myocardial infarction, or recur-
rent ischaemia at 9 and at 30 days. At the end, there was
no significant difference between the enoxaparin and
fondinaparux groups. The primary endpoint was reached
in 40.2% of the enoxaparin group versus 37% of the
combined fondaparinux groups. It was interesting that
the low dose (2.5 mg) of fondaparinux showed the best
results, with only a 30% endpoint outcome at 9 days and
33.8% at 30 days.84

In the PENTALYSE trial, fondaparinux was studied as
an adjunct to thrombolysis in patients with acute myo-
cardial infarction. Three hundred thirty-three patients
with acute ST-elevation MI were enrolled. Patients were
all treated with ASA and alteplase and they were
randomised to either continuous unfractionated heparin
for 48–72 h or to low, medium, or high doses of fonda-
parinux daily for 5–7 days. Both heparin and fondapari-
nux were infused before alteplase. Coronary angiography
was done at 90 min and repeated 5–7 days after alte-
plase infusion. Patients who needed intervention at 90
min were excluded ðn ¼ 115Þ from the study. At 90 min
there was no significant difference of TIMI (Thrombolysis
in Myocardial Infarction) grade 2 or 3 flow in any group.
At the second angiogram on day 5–7, the fondinaparux
groups had a reocclusion rate of 0.9% versus 7.0% for
unfractionated heparin. At the end of the 30-day follow-
up, revascularisation was done in 51% of the heparin
group while it was only needed in 39% of the patients in
the fondinaparux groups. A higher number of revascu-
larisations were carried out in the heparin group on days
2 to 5, when fondinaparux was still being administered.
At 30 days there was no difference in mortality in any of
the groups. There was a lower incidence of transfusion in
the fondaparinux groups (3.3% vs. 7.1%).85
Conclusions

The major conclusions of this paper are:
1. Atherothrombosis is a diffuse disease affecting differ-

ent arterial beds but with a similar aetiopathogenesis.
Regardless of the vascular territory affected, the
therapeutic goals must be the same: (A) to aggres-
sively treat cardiovascular risk factors and (B) to re-
duce thrombogenic potential.

2. High-risk or vulnerable blood is as important as the
vulnerable plaque in determining the offset of at least
one third of acute coronary syndromes.

3. The use of noninvasive imaging technology makes it
possible to detect atherothrombotic disease in a pre-
clinical stage and, therefore, to implement adequate
preventive interventions.

4. Available antithrombotic therapy is very safe and effi-
cient but the morbidity and mortality due to athero-
thrombosis is still unacceptably high.

5. Recent evidence suggests that inhibition of tissue fac-
tor or of elements in the tissue factor pathway (i.e.,
factors VIIa and Xa, or thrombin) has the potential
to further improve outcomes in atherothrombosis.
References

1. Corti R, Fuster V, Badimon JJ. Pathogenetic concepts of acute
coronary syndromes. J Am Coll Cardiol 2003;41:S7–S14.

2. Behrendt D, Ganz P. Endothelial function from vascular biology to
clinical applications. Am J Cardiol 2002;90:40L–8L.

3. Weiss N, Keller C, Hoffmann U et al. Endothelial dysfunction and
atherothrombosis in mild hyperhomocysteinemia. Vasc Med 2002;7:
227–39.

4. Stary HC, Chandler AB, Glagov S et al. A definition of initial,
fatty streak, and intermediate lesions of atherosclerosis. A report
from the Committee on Vascular Lesions of the Council on
Arteriosclerosis, American Heart Association. Circulation 1994;89:
2462–78.

5. Glagov S, Weisenberg E, Zarins CK et al. Compensatory enlargement
of human atherosclerotic coronary arteries. N Engl J Med
1987;316:1371–5.

6. Corti R, Fuster V, Badimon JJ. Pathogenetic concepts of acute
coronary syndromes. J Am Coll Cardiol 2003;41:7S–14S.

7. Corti R, Fuster V, Badimon JJ et al. New understanding of
atherosclerosis (clinically and experimentally) with evolving MRI
technology in vivo. Ann NY Acad Sci 2001;947:181–95, discussion
195–8.

8. van der Wal AC, Becker AE, van der Loos CM et al. Site of intimal
rupture or erosion of thrombosed coronary atherosclerotic plaques
is characterized by an inflammatory process irrespective of the
dominant plaque morphology. Circulation 1994;89:36–44.

9. Fuster V. Epidemic of cardiovascular disease and stroke: the three
main challenges. Presented at the 71st scientific sessions of the
American Heart Association. Dallas, Texas. Circulation 1999;99:
1132–7.

10. Glagov S, Zarins C, Giddens DP et al. Hemodynamics and athero-
sclerosis. Insights and perspectives gained from studies of human
arteries. Arch Pathol Lab Med 1988;112:1018–31.

11. Yuan C, Zhang SX, Polissar NL et al. Identification of fibrous cap
rupture with magnetic resonance imaging is highly associated with
recent transient ischemic attack or stroke. Circulation 2002;105:
181–5.

12. Cohen A, Amarenco P. Atherosclerosis of the thoracic aorta: from
risk stratification to treatment. Am J Cardiol 2002;90:1333–5.

13. Ouriel K. Peripheral arterial disease. Lancet 2001;358:1257–64.
14. McDermott MM, Greenland P, Liu K et al. Leg symptoms in peripheral

arterial disease: associated clinical characteristics and functional
impairment. JAMA 2001;286:1599–606.

15. Sambola A, Osende J, Hathcock J et al. Role of risk factors in the
modulation of tissue factor activity and blood thrombogenicity.
Circulation 2003;107:973–7.

16. Davies MJ, Woolf N. Atherosclerosis: what is it and why does it
occur. Br Heart J 1993;69:S3–11.



Atherothrombosis: A widespread disease with unpredictable and life-threatening consequences 1205

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/25/14/1197/509341 by guest on 21 August 2022
17. Fayad ZA, Nahar T, Fallon JT et al. In vivo magnetic resonance
evaluation of atherosclerotic plaques in the human thoracic aorta: a
comparison with transesophageal echocardiography. Circulation
2000;101:2503–9.

18. Virmani R, Kolodgie FD, Burke AP et al. Lessons from sudden
coronary death: a comprehensive morphological classification
scheme for atherosclerotic lesions. Arterioscler Thromb Vasc Biol
2000;20:1262–75.

19. Rauch U, Osende JI, Fuster V et al. Thrombus formation on
atherosclerotic plaques: pathogenesis and clinical consequences.
Ann Intern Med 2001;134:224–38.

20. Kaikita K, Ogawa H, Yasue H et al. Tissue factor expression on
macrophages in coronary plaques in patients with unstable angina.
Arterioscler Thromb Vasc Biol 1997;17:2232–7.

21. Soejima H, Ogawa H, Yasue H et al. Heightened tissue factor
associated with tissue factor pathway inhibitor and prognosis in
patients with unstable angina. Circulation 1999;99:2908–13.

22. Giesen PL, Rauch U, Bohrmann B et al. Blood-borne tissue factor:
another view of thrombosis. Proc Natl Acad Sci USA 1999;96:2311–5.

23. Mallat Z, Tedgui A. Current perspective on the role of apoptosis in
atherothrombotic disease. Circ Res 2001;88:998–1003.

24. Mutin M, Canavy I, Blann A et al. Direct evidence of endothelial injury
in acute myocardial infarction and unstable angina by demonstration
of circulating endothelial cells. Blood 1999;93:2951–8.

25. Dimmeler S, Haendeler J, Galle J et al. Oxidized low-density
lipoprotein induces apoptosis of human endothelial cells by activa-
tion of CPP32-like proteases. A mechanistic clue to the ‘response to
injury’ hypothesis. Circulation 1997;95:1760–3.

26. Dangas G, Badimon JJ, Smith DA et al. Pravastatin therapy in
hyperlipidemia: effects on thrombus formation and the systemic
hemostatic profile. J Am Coll Cardiol 1999;33:1294–304.

27. Rauch U, Osende JI, Chesebro JH et al. Statins and cardiovascular
diseases: the multiple effects of lipid-lowering therapy by statins.
Atherosclerosis 2000;153:181–9.

28. Fuster V. Understanding the coronary disease process and the
potential for prevention: a summary. Prev Med 1999;29:S9–10.

29. Osende JI, Badimon JJ, Fuster V et al. Blood thrombogenicity in type
2 diabetes mellitus patients is associated with glycemic control. J
Am Coll Cardiol 2001;38:1307–12.

30. Rauch U, Crandall J, Osende JI et al. Increased thrombus formation
relates to ambient blood glucose and leukocyte count in diabetes
mellitus type 2. Am J Cardiol 2000;86:246–9.

31. Rauch U, Bonderman D, Bohrmann B et al. Transfer of tissue factor
from leukocytes to platelets is mediated by CD15 and tissue factor.
Blood 2000;96:170–5.

32. Koenig W. Fibrin (ogen) in cardiovascular disease: an update.
Thromb Haemost 2003;89:601–9.

33. Maresca G, Di Blasio A, Marchioli R et al. Measuring plasma
fibrinogen to predict stroke and myocardial infarction: an update.
Arterioscler Thromb Vasc Biol 1999;19:1368–77.

34. Meade TW, Imeson J, Stirling Y. Effects of changes in smoking and
other characteristics on clotting factors and the risk of ischaemic
heart disease. Lancet 1987;2:986–8.

35. Toschi V, Gallo R, Lettino M et al. Tissue factor modulates the
thrombogenicity of human atherosclerotic plaques. Circulation
1997;95:594–9.

36. Badimon JJ, Lettino M, Toschi V et al. Local inhibition of tissue
factor reduces the thrombogenicity of disrupted human atheroscle-
rotic plaques: effects of tissue factor pathway inhibitor on plaque
thrombogenicity under flow conditions. Circulation 1999;99:
1780–7.

37. Cohen A, Tzourio C, Bertrand B et al. Aortic plaque morphology and
vascular events: a follow-up study in patients with ischemic stroke.
FAPS Investigators. French Study of Aortic Plaques in Stroke.
Circulation 1997;96:3838–41.

38. Barnett HJ, Taylor DW, Eliasziw M et al. Benefit of carotid
endarterectomy in patients with symptomatic moderate or severe
stenosis. North American Symptomatic Carotid Endarterectomy Trial
Collaborators. N Engl J Med 1998;339:1415–25.

39. MagyarMT, Szikszai Z, Balla J et al. Early-onset carotid atherosclerosis
is associated with increased intima-media thickness and elevated
serum levels of inflammatory markers. Stroke 2003;34:58–63.

40. Belhassen L, Carville C, Pelle G et al. Evaluation of carotid artery
and aortic intima-media thickness measurements for exclusion of
significant coronary atherosclerosis in patients scheduled for heart
valve surgery. J Am Coll Cardiol 2002;39:1139–44.

41. Burke GL, Evans GW, Riley WA et al. Arterial wall thickness is
associated with prevalent cardiovascular disease in middle-aged
adults. The Atherosclerosis Risk in Communities (ARIC) Study. Stroke
1995;26:386–91.

42. Nagai Y, Metter EJ, Earley CJ et al. Increased carotid artery
intimal-medial thickness in asymptomatic older subjects with
exercise-induced myocardial ischemia. Circulation 1998;98:
1504–9.

43. O’Leary DH, Polak JF, Kronmal RA et al. Carotid-artery intima and
media thickness as a risk factor for myocardial infarction and stroke
in older adults. Cardiovascular Health Study Collaborative Research
Group. N Engl J Med 1999;340:14–22.

44. Taylor AJ, Kent SM, Flaherty PJ et al. ARBITER: Arterial Biology for
the Investigation of the Treatment Effects of Reducing Cholesterol:
a randomized trial comparing the effects of atorvastatin and
pravastatin on carotid intima medial thickness. Circulation
2002;106: 2055–60.

45. Cao JJ, Thach C, Manolio TA et al. C-reactive protein, carotid
intima-media thickness, and incidence of ischemic stroke in the
elderly: the Cardiovascular Health Study. Circulation
2003;108:166–70.

46. Cai JM, Hatsukami TS, Ferguson MS et al. Classification of human
carotid atherosclerotic lesions with in vivo multicontrast magnetic
resonance imaging. Circulation 2002;106:1368–73.

47. Kerwin W, Hooker A, Spilker M et al. Quantitative magnetic
resonance imaging analysis of neovasculature volume in carotid
atherosclerotic plaque. Circulation 2003;107:851–6.

48. Worthley SG, Helft G, Fuster V et al. Noninvasive in vivo magnetic
resonance imaging of experimental coronary artery lesions in a
porcine model. Circulation 2000;101:2956–61.

49. Fayad ZA, Fuster V, Fallon JT et al. Noninvasive in vivo human
coronary artery lumen and wall imaging using black-blood magnetic
resonance imaging. Circulation 2000;102:506–10.

50. Corti R, Fuster V, Fayad ZA et al. Lipid lowering by simvastatin
induces regression of human atherosclerotic lesions: two years’
follow-up by high-resolution noninvasive magnetic resonance imag-
ing. Circulation 2002;106:2884–7.

51. Zheng ZJ, Sharrett AR, Chambless LE et al. Associations of ankle-
brachial index with clinical coronary heart disease, stroke and
preclinical carotid and popliteal atherosclerosis: the Atherosclerosis
Risk in Communities (ARIC) Study. Atherosclerosis 1997;131:
115–25.

52. Ridker PM, Stampfer MJ, Rifai N. Novel risk factors for systemic
atherosclerosis: a comparison of C-reactive protein, fibrinogen,
homocysteine, lipoprotein (a), and standard cholesterol screening
as predictors of peripheral arterial disease. JAMA 2001;285:
2481–5.

53. Danesh J, Whincup P, Walker M et al. Low grade inflammation and
coronary heart disease: prospective study and updated meta-
analyses. BMJ 2000;321:199–204.

54. van Exel E, Gussekloo J, de Craen AJ et al. Inflammation and stroke:
the Leiden 85-Plus Study. Stroke 2002;33:1135–8.

55. Heeschen C, Hamm CW, Bruemmer J et al. Predictive value of C-
reactive protein and troponin T in patients with unstable angina: a
comparative analysis. CAPTURE Investigators. Chimeric c7E3 Anti-
Platelet Therapy in Unstable angina REfractory to standard treat-
ment trial. J Am Coll Cardiol 2000;35:1535–42.

56. Zebrack JS, Muhlestein JB, Horne BD et al. C-reactive protein and
angiographic coronary artery disease: independent and additive
predictors of risk in subjects with angina. J Am Coll Cardiol
2002;39:632–7.

57. Eidelman RS, Hennekens CH. Fibrinogen: a predictor of stroke and
marker of atherosclerosis. Eur Heart J 2003;24:499–500.

58. Herrick S, Blanc-Brude O, Gray A et al. Fibrinogen. Int J Biochem
Cell Biol 1999;31:741–6.

59. Fuster V, Badimon L, Badimon JJ et al. The pathogenesis of coronary
artery disease and the acute coronary syndromes (2). N Engl J Med
1992;326:310–8.

60. Folsom AR, Rosamond WD, Shahar E et al. Prospective study of
markers of hemostatic function with risk of ischemic stroke. The
Atherosclerosis Risk in Communities (ARIC) Study Investigators.
Circulation 1999;100:736–42.



1

1206 J.F. Viles-Gonzalez et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/25/14/1197/509341 by guest on 21 August 2022
61. Lee AJ, Fowkes FG, Lowe GD et al. Fibrinogen, factor VII and PAI-1
genotypes and the risk of coronary and peripheral atherosclerosis:
Edinburgh Artery Study. Thromb Haemost 1999;81:553–60.

62. Collaborative meta-analysis of randomised trials of antiplatelet
therapy for prevention of death, myocardial infarction, and stroke
in high risk patients. BMJ 2002;324:71-86.

63. Collaborative overview of randomised trials of antiplatelet ther-
apy–I: Prevention of death, myocardial infarction, and stroke by
prolonged antiplatelet therapy in various categories of patients.
Antiplatelet Trialists’ Collaboration. BMJ 1994;308:81–106.

64. Randomised trial of intravenous streptokinase, oral aspirin, both, or
neither among 17,187 cases of suspected acute myocardial infarc-
tion: ISIS-2. ISIS-2 (Second International Study of Infarct Survival)
Collaborative Group. Lancet 1988;2:349–360.

65. Thrombosis prevention trial: randomised trial of low-intensity oral
anticoagulation with warfarin and low-dose aspirin in the primary
prevention of ischaemic heart disease in men at increased risk. The
Medical Research Council’s General Practice Research Framework.
Lancet 1998;351:233–241.

66. A randomised, blinded, trial of clopidogrel versus aspirin in patients
at risk of ischaemic events (CAPRIE). CAPRIE Steering Committee.
Lancet 1996;348:1329–1339.

67. Steinhubl SR, Berger PB, Mann 3rd JT et al. Early and sustained dual
oral antiplatelet therapy following percutaneous coronary interven-
tion: a randomized controlled trial. JAMA 2002;288:2411–20.

68. Yusuf S, Zhao F, Mehta SR et al. Effects of clopidogrel in addition to
aspirin in patients with acute coronary syndromes without ST-
segment elevation. N Engl J Med 2001;345:494–502.

69. Mehta SR, Yusuf S, Peters RJ et al. Effects of pretreatment with
clopidogrel and aspirin followed by long-term therapy in patients
undergoing percutaneous coronary intervention: the PCI-CURE
study. Lancet 2001;358:527–33.

70. Cannon CP, McCabe CH, Wilcox RG et al. Oral glycoprotein IIb/IIIa
inhibition with orbofiban in patients with unstable coronary syn-
dromes (OPUS-TIMI 16) trial. Circulation 2000;102:149–56.

71. O’Neill WW, Serruys P, Knudtson M et al. Long-term treatment with
a platelet glycoprotein-receptor antagonist after percutaneous
coronary revascularization. EXCITE Trial Investigators. Evaluation
of Oral Xemilofiban in Controlling Thrombotic Events. N Engl J Med
2000;342:1316–24.

72. Comparison of sibrafiban with aspirin for prevention of cardiovas-
cular events after acute coronary syndromes: a randomised trial.
The SYMPHONY Investigators. Sibrafiban versus Aspirin to Yield
Maximum Protection from Ischemic Heart Events Post-acute Coro-
nary Syndromes. Lancet 2000;355:337–345.

73. Randomized trial of aspirin, sibrafiban, or both for secondary
prevention after acute coronary syndromes. Circulation 2001;103:
1727–1733.

74. Topol EJ, Easton JD, Amarenco P et al. Design of the blockade of the
glycoprotein IIb/IIIa receptor to avoid vascular occlusion (BRAVO)
trial. Am Heart J 2000;139:927–33.

75. Chew DP, Bhatt DL, Sapp S et al. Increased mortality with oral
platelet glycoprotein IIb/IIIa antagonists: a meta-analysis of
phase III multicenter randomized trials. Circulation 2001;103:
201–6.

76. Direct thrombin inhibitors in acute coronary syndromes: principal
results of a meta-analysis based on individual patients’ data. Lancet
2002;359:294–302.

77. Dyke CK, Becker RC, Kleiman NS et al. First experience with direct
factor Xa inhibition in patients with stable coronary disease: a
pharmacokinetic and pharmacodynamic evaluation. Circulation
2002;105:2385–91.

78. Sarich TC, Wolzt M, Eriksson UG et al. Effects of ximelagatran, an
oral direct thrombin inhibitor, r-hirudin and enoxaparin on thrombin
generation and platelet activation in healthy male subjects. J Am
Coll Cardiol 2003;41:557–64.

79. Petersen P, Grind M, Adler J. Ximelagatran versus warfarin for
stroke prevention in patients with nonvalvular atrial fibrillation.
SPORTIF II: a dose-guiding, tolerability, and safety study. J Am Coll
Cardiol 2003;41:1445–51.

80. Olsson SB. Stroke prevention with the oral direct thrombin inhibitor
ximelagatran compared with warfarin in patients with non-valvular
atrial fibrillation (SPORTIF III): randomised controlled trial. Lancet
2003;362:1691–8.
81. Halperin JL. Ximelagatran compared with warfarin for prevention of
thromboembolism in patients with nonvalvular atrial fibrillation:
Rationale, objectives, and design of a pair of clinical studies and
baseline patient characteristics (SPORTIF III and V). Am Heart J
2003;146:431–8.

82. Wallentin L, Wilcox RG, Weaver WD et al. Oral ximelagatran for
secondary prophylaxis after myocardial infarction: the ESTEEM
randomised controlled trial. Lancet 2003;362:789–97.

83. Shimbo D, Osende J, Chen J et al. Antithrombotic effects of DX-
9065a, a direct factor Xa inhibitor: a comparative study in humans
versus low molecular weight heparin. Thromb Haemost
2002;88:733–8.

84. Simoons ML. Double blind, dose ranging study of fondaparinux
(pentasaccharide) in unstable angina. Scientific Session of the
American Heart Association 2002;105, Circulation.

85. Coussement PK, Bassand JP, Convens C et al. A synthetic factor-Xa
inhibitor (ORG31540/SR9017A) as an adjunct to fibrinolysis in acute
myocardial infarction. The PENTALYSE study. Eur Heart J
2001;22:1716–24.

86. Oltrona L, Speidel CM, Recchia D et al. Inhibition of tissue factor-
mediated coagulation markedly attenuates stenosis after balloon-
induced arterial injury in minipigs. Circulation 1997;96:646–52.

87. Atsuchi N, Nishida T, Marutsuka K et al. Combination of a brief
irrigation with tissue factor pathway inhibitor (TFPI) and adenovirus-
mediated local TFPI gene transfer additively reduces neointima
formation in balloon-injured rabbit carotid arteries. Circulation
2001;103:570–5.

88. Golino P, Cirillo P, Calabro P et al. Expression of exogenous tissue
factor pathway inhibitor in vivo suppresses thrombus formation in
injured rabbit carotid arteries. J Am Coll Cardiol 2001;38:569–76.

89. Ragni M, Cirillo P, Pascucci I et al. Monoclonal antibody against
tissue factor shortens tissue plasminogen activator lysis time and
prevents reocclusion in a rabbit model of carotid artery thrombosis.
Circulation 1996;93:1913–8.

90. Banner DW, D’Arcy A, Chene C et al. The crystal structure of the
complex of blood coagulation factor VIIa with soluble tissue factor.
Nature 1996;380:41–6.

91. Jang Y, Guzman LA, Lincoff AM et al. Influence of blockade at
specific levels of the coagulation cascade on restenosis in a rabbit
atherosclerotic femoral artery injury model. Circulation
1995;92:3041–50.

92. Lee A, Agnelli G, Buller H et al. Dose-response study of recombinant
factor VIIa/tissue factor inhibitor recombinant nematode anticoag-
ulant protein c2 in prevention of postoperative venous thromboem-
bolism in patients undergoing total knee replacement. Circulation
2001;104:74–8.

93. Moons AH, Peters RJ, Bijsterveld NR et al. Recombinant nematode
anticoagulant protein c2, an inhibitor of the tissue factor/factor VIIa
complex, in patients undergoing elective coronary angioplasty. J Am
Coll Cardiol 2003;41:2147–53.

94. Turpie AG, Bauer KA, Eriksson BI et al. Fondaparinux vs enoxaparin
for the prevention of venous thromboembolism in major orthopedic
surgery: a meta-analysis of 4 randomized double-blind studies. Arch
Intern Med 2002;162:1833–40.

95. Buller HR, Davidson BL, Decousus H et al. Subcutaneous fondapar-
inux versus intravenous unfractionated heparin in the initial treat-
ment of pulmonary embolism. N Engl J Med 2003;349:1695–702.

96. Bauer KA, Eriksson BI, Lassen MR et al. Fondaparinux compared with
enoxaparin for the prevention of venous thromboembolism after
elective major knee surgery. N Engl J Med 2001;345:1305–10.

97. A novel long-acting synthetic factor Xa inhibitor (SanOrg34006) to
replace warfarin for secondary prevention in deep vein thrombosis.
A Phase II evaluation. J Thromb. Haemost. 2004;2:47–53.

98. Reiter M, Bucek RA, Koca N et al. Idraparinux and liver enzymes:
observations from the PERSIST trial. Blood Coagul Fibrinolysis
2003;14:61–5.

99. Comparison of the effects of two doses of recombinant hirudin
compared with heparin in patients with acute myocardial ischemia
without ST elevation: a pilot study. Organization to Assess Strategies
for Ischemic Syndromes (OASIS) Investigators. Circulation 1997;96:
769–777.

00. Effects of recombinant hirudin (lepirudin) compared with heparin
on death, myocardial infarction, refractory angina, and revascular-
isation procedures in patients with acute myocardial ischaemia



1

1

1

1

1

1

1

1

1

1

1

Atherothrombosis: A widespread disease with unpredictable and life-threatening consequences 1207

D
ow

nloaded from
 https://
without ST elevation: a randomised trial. Organisation to Assess
Strategies for Ischemic Syndromes (OASIS-2) Investigators. Lancet
1999;353:429–438.

01. Lincoff AM, Kleiman NS, Kottke-Marchant K et al. Bivalirudin with
planned or provisional abciximab versus low-dose heparin and
abciximab during percutaneous coronary revascularization: results
of the Comparison of Abciximab Complications with Hirulog for
Ischemic Events Trial (CACHET). Am Heart J 2002;143:847–53.

02. Vermeer F, Vahanian A, Fels PW et al. Argatroban and alteplase in
patients with acute myocardial infarction: the ARGAMI Study. J
Thromb Thrombolysis 2000;10:233–40.

03. Eriksson BI, Arfwidsson AC, Frison L et al. A dose-ranging study of
the oral direct thrombin inhibitor, ximelagatran, and its subcuta-
neous form, melagatran, compared with dalteparin in the prophy-
laxis of thromboembolism after hip or knee replacement: METHRO I.
MElagatran for THRombin inhibition in Orthopaedic surgery. Thromb
Haemost 2002;87:231–7.

04. Eriksson BI, Bergqvist D, Kalebo P et al. Ximelagatran and melaga-
tran compared with dalteparin for prevention of venous thrombo-
embolism after total hip or knee replacement: the METHRO II
randomised trial. Lancet 2002;360:1441–7.

05. Cohen M, Demers C, Gurfinkel EP et al. A comparison of low-
molecular-weight heparin with unfractionated heparin for unstable
coronary artery disease. Efficacy and Safety of Subcutaneous
Enoxaparin in Non-Q-Wave Coronary Events Study Group. N Engl J
Med 1997;337:447–52.
06. Wallentin L, Lagerqvist B, Husted S et al. Outcome at 1 year after an
invasive compared with a non-invasive strategy in unstable coro-
nary-artery disease: the FRISC II invasive randomised trial. FRISC II
Investigators. Fast Revascularisation during Instability in Coronary
artery disease. Lancet 2000;356:9–16.

07. Comparison of two treatment durations (6 days and 14 days) of a low
molecular weight heparin with a 6-day treatment of unfractionated
heparin in the initial management of unstable angina or non-Q wave
myocardial infarction: FRAX.I.S. (FRAxiparine in Ischaemic Syn-
drome). Eur Heart J 1999;20:1553–1562.

08. Navarro-Quilis A, Castellet E, Rocha E et al. Efficacy and safety
of bemiparin compared with enoxaparin in the prevention of
venous thromboembolism after total knee arthroplasty: a ran-
domized, double-blind clinical trial. J Thromb Haemost 2003;1:
425–32.

09. Storey RF, Judge HM, Wilcox RG et al. Inhibition of ADP-induced P-
selectin expression and platelet-leukocyte conjugate formation by
clopidogrel and the P2Y12 receptor antagonist AR-C69931MX but not
aspirin. Thromb Haemost 2002;88:488–94.

10. Wu CC, Hwang TL, Liao CH et al. Selective inhibition of protease-
activated receptor 4-dependent platelet activation by YD-3. Thromb
Haemost 2002;87:1026–33.

11. Kageyama S, Yamamoto H, Yoshimoto R. Anti-human von Willebrand
factor monoclonal antibody AJvW-2 prevents thrombus deposition
and neointima formation after balloon injury in guinea pigs.
Arterioscler Thromb Vasc Biol 2000;20:2303–8.
academ
ic.oup.c
om

/eurheartj/article/25/14/1197/509341 by guest on 21 August 2022


	Atherothrombosis: A widespread disease with unpredictable and life-threatening consequences
	Introduction
	High-risk atherothrombotic plaque
	High-risk blood
	Early detection with noninvasive imaging technology
	Ultrasound
	Magnetic resonance imaging
	Ankle-brachial index
	Biomarkers of atherothrombosis
	Antithrombotic approaches
	Future pharmacologic targets
	Conclusions
	References


