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Owing to the fact that the frequency of cerebrovascular diseases is increasing
we report about recent developments in acute stroke treatment and in stroke prevention.
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Stroke is the third leading cause of death with an increasing prevalence. In

previous years many important achievements and new therapeutic

strategies have been established. This article provides an overview on

recent developments and is an update to the article of Green et al. that was

published in 2004. As this article is a comprehensive review we divided it in

two parts. In this Part A of our review, recent developments in acute stroke

treatment and in stroke prevention are described. In Part B we will reflect

on neuroprotection.

Stroke is the third leading cause of death and the main cause of long-term disability in western

societies [1]. The frequency of cerebrovascular diseases is increasing, so that nowadays approxi-

mately 5.7 million people are estimated to die from acute ischemic stroke per year worldwide.

Recurrent stroke risk after cerebrovascular diseases ranges from 5% to 20% per year [2]. It has been

estimated that the lifetime risk of stroke is between 8% and 10% [3]. However, medical treatment

has changed over the years both for primary and secondary stroke prevention and also for acute

treatment. An overview of the actual primary and secondary stroke prevention is given in Box 1.

This article is an update of the article by Green et al. who has provided an overview on the

therapeutic strategies of stroke treatment. Green et al. reported about new perfusion-enhancing

compounds that had been in development and they also reviewed potential neuroprotective

drugs [4].

We have collected data of current studies and trials by conducting an extensive search in the

Pubmed database. Data from published trials were complemented by abstracts from innovative

trials that have been presented at important congresses in the field.

Since 2006 the developments of new treatment options have increased enormously. In this

article, we provide a comprehensive overview on stroke treatment. Part A describes recent

developments in acute stroke treatment and in stroke prevention. In Part B we will provide

an overview on newer drugs that have the potential to be implemented in stroke therapy in the

future.
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BOX 1

Overview on primary and secondary stroke prevention [119,120].

Overview on primary stroke prevention
Over 75% of all strokes are first-ever strokes, so it is probably that effective prevention in persons with established risk factors who have not had a stroke

(i.e. primary prevention) can have as great or an even greater impact on reducing the burden of the disease as compared with prevention of recurrent
stroke. Primary stroke prevention includes:

� Blood pressure lowering � Antidiabetic therapy

� Antiplatelet therapy � Weight reduction

� Antithrombotic therapy for atrial fibrillation � Stopping cigarette smoking
� Lipid-lowering therapy � Stopping alcohol consumption

Overview on secondary stroke prevention
Survivors of a transient ischemic attack or stroke have an increased risk of a further stroke, which is a major source of increased mortality and morbidity.

� Blood pressure-lowering
� Lipid-lowering therapy

� Stopping alcohol consumption

� Antiplatelet medication or antiplatelet modification

� Endovascular or surgical treatment in extracranial or intracranial carotid
or vertebral artery disease

� Antidiabetic therapy
� Stopping cigarette smoking

� Weight reduction

� Antithrombotic therapy in cardioembolic strokes

caused by atrial fibrillation or persistent foramen ovale
� Therapeutic strategies in hypercoable states

(inherited thrombophilias, antiphospholipid

antibodies), sickle cell disease
Pathogenesis, pathophysiology, symptoms and the
economic burden of stroke
Types of stroke
The highest mortality and disability rates beyond the stroke types

have intracerebral hemorrhages (ICH) that are defined as sponta-

neous bleeding into the brain [5]. ICH constitutes 15% of all

strokes in the USA and Europe and 20–30% in Asian populations

[16]. Advancing age and hypertension are the most important risk

factors for ICH. Degeneration and rupture of small arteries or

arterioles because of sustained hypertension is the most common

cause of ICH, accounting for more than 60% of cases [6,7] followed

by cerebral amyloid angiopathy accounting for approximately

10% of cases [5,6].

The WHO places the global incidence of stroke at approxi-

mately 200 cases per 100,000 inhabitants [7], although data vary

among countries. Highest rates were in Japan and the lowest in

the UK, Germany and New Zealand. Moreover, the age-specific

incidence of stroke increases progressively, and the range of

stroke incidence in people aged 55 years or more was 420–650

per 100,000, except in Japan, Russia and Ukraine, where rates were

even higher. When differences by gender were analyzed, the

occurrence of stroke was elevated in males in all studies [8]. Life

expectancy is increasing in most parts of the world, because of

lower childhood mortality, but also owing to a decline in mor-

tality in adults. By 2025 there will be more than 800 million

people over the age of 65. With increasing age, the stroke inci-

dence will also increase [9].

The three main mechanisms causing ischemic strokes are:

thrombosis, embolism and global ischemia (hypotensive) stroke.

Not all ischemic strokes fall into these categories and the list of

entities responsible for unusual stroke syndromes is long. Some of

rare causes of stroke are vasospasm, vasculitis, artery dissection or

changes in blood coagubility, like thrombocythemia [10].

Thrombosis

Atherosclerosis is the most common pathological feature of vas-

cular obstruction resulting in thrombotic stroke [11]. Vessel
occlusion accounts for approximately 85% of all strokes [5].

Atherosclerotic plaques can undergo pathological changes, such

as ulcerations, thrombosis, calcifications and intra-plaque

hemorrhage. The susceptibility of the plaque to disrupt or ulce-

rate depends on the structure of the plaque, and its composition

and consistency. Disruption of the endothelium initiates a

complicated process that activates many destructive vasoactive

enzymes resulting in platelet adherence and aggregation to

the vascular wall, forming small nidi of platelets and fibrin

[11–14].

In addition to atherosclerosis, other pathological conditions

that cause thrombotic occlusion of a vessel include clot formation

because of hypercoagulable state, fibromuscular dysplasia, arteritis

(e.g. Giant cell or Takayasu) and dissection of a vessel wall. Lacunar

infarcts occur as a result of occlusion of deep penetrating arteries

that are 100–400 mm in diameter and originate from the larger

cerebral arteries. The size of a lacunar infarct is less than 20 mm in

diameter. The incidence of lacunar infarcts is 10–30% of all strokes

depending on race and preexisting hypertension and diabetes

mellitus. The small arterioles lengthen, become tortuous and

develop subintimal dissections and micro-aneurysms rendering

the arterioles susceptible to occlusion from micro-thrombi. This is

mainly caused by chronic hypertension. Fibrin deposition result-

ing in lipohyalinosis is considered to be the underlying patholo-

gical mechanism [15,16].

Embolism

Embolic stroke can result from embolization of an artery in the

central circulation from a variety of sources. Besides clot, fibrin and

pieces of atheromatous plaque, materials known to embolize into

the central circulation include fat, air, tumor or metastasis, bac-

terial clumps and foreign bodies. Superficial branches of cerebral

and cerebellar arteries are the most frequent targets of emboli. Air

embolisation can result from neurosurgical, otolaryngological and

anesthesiological (central venous catheterization) interventions,

and from injuries, like penetrating chest injuries or in case for

divers like the barotrauma [17–20]. Most emboli lodge in the
www.drugdiscoverytoday.com 297
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middle cerebral artery distribution because 80% of the blood

carried by the large neck arteries flow through the middle cerebral

arteries [21]. The two most common sources of emboli are: the left

ventricular cardioembolic emboli and large arterial emboli (e.g.

‘artery to artery’) that result from detachment of a thrombus from

the internal carotid artery at the site of an ulcerated plaque [10,21].

Global – ischemic or hypotensive stroke

Stroke can be caused by hemodynamic changes especially in

regions with marginal blood supply resulting from vessel stenosis

or decrease in arterial blood pressure [10]. Global ischemia causes

the greatest damage to areas between the territories of the major

cerebral and cerebellar arteries known as the ‘boundary zone’ or

‘watershed area’. The parietal-temporal-occipital triangle at the

junction of the anterior, middle and posterior cerebral arteries is

most commonly affected. Watershed infarcts make up approxi-

mately 10% of all ischemic strokes and almost 40% of these occur

in patients with carotid stenosis or occlusion [21].

Clinical symptoms
Acute stroke symptoms are limb weakness, sensibility deficits,

facial palsy, ataxia, dysphagia, speech problems (aphasia or dys-

phasia) or visual disturbances. The degree of affection is com-

monly measured by the modified Rankin scale and the National

Institute of Health Stroke Scale (NIHHS). These scores are usually

used in clinical trials for symptom description and as clinical

outcome parameters.

Stroke pathogenesis
Ischemia is defined as a reduction in blood flow that is sufficient

enough to alter normal cellular function [22]. Brain tissue is

exquisitely sensitive to ischemia, so that even brief ischemic

periods to neurons can initiate a complex sequence of events that
BOX 2

Overview over space-occupying hemispheric infarction [121].

� Total or subtotal middle cerebral artery or hemispheric infarctions account fo

� Total or subtotal middle cerebral artery or hemispheric infarctions are associa

� Progressive brain edema leads to a tissue shift compressing the midline struc

� Outcome is fatal in the majority of untreated patients with space-occupying 

� Conservative treatment for reducing brain edema and controlling elevated in

barbiturate administration.

� Early surgical decompression is effective in lowering mortality and improving

BOX 3

Etiology of cerebral edema in space-occupying hemispheric infarction

Two major types of edema generation in ischemic stroke, the intracellu
� Cytotoxic edema develops within minutes in the ischemic core and is mainly

subsequent accumulation of intracellular Na+, leading to an influx of water an

� Vasogenic edema is because of a disruption of the blood–brain barrier, leadin
the intravascular space to the interstitial and intracellular compartments.

298 www.drugdiscoverytoday.com
ultimately might culminate in cellular death. Different brain

regions have varying thresholds for ischemic cell damage, with

white matter being more resistant than gray matter [23]. The brain

does not store glucose, therefore brain ischemia causes anaerobic

metabolism [24].

Normal cerebral blood flow (CBF) is approximately 50–60 ml/

100 g brain tissue/min. In response to ischemia, the cerebral

autoregulatory mechanisms cause a local vasodilatation to

increase the extraction of oxygen and glucose from the blood.

However, the reduction of CBF of less than 10 ml/100 g/min

results in irreversible neuronal injury [24–26]. Brain ischemia

induces activation of destructive vasoactive enzymes that are

released by the endothelium, leucocytes, platelets and other neu-

ronal cells [27]. This process is called ‘excitotoxicity’. Glutamate,

which is normally stored inside the synaptic terminals, is cleared

from the extracellular space by an energy dependent process.

Glutamate causes the opening of calcium channels [28,29]. Intra-

cellular calcium activates a series of destructive enzymes, such as

proteases, lipases and endonucleases that enable the release of

cytokines and other mediators, resulting in the loss of cellular

integrity [29]. This further results in the excretion of many differ-

ent inflammatory mediators, oxygen free radicals and nitric acid.

These mediators can cause brain edema and might result in space-

occupying hemispheric infarctions in some patients (Fig. 3). An

overview on space-occupying hemispheric infarctions is given in

Box 2 and 3.

Ischemic penumbra

The concept of an existing penumbra means ‘ischemic tissue that

is potentially destined for infarction but not yet irreversibly

injured and is the target of acute stroke therapies’ [30].

The crucial time period during which this volume of brain

tissue is at risk is referred to as the ‘window of opportunity’
r approximately 10% of all ischemic strokes.

ted with variable degrees of brain edema and a high mortality rate.

tures; it eventually leads to transtentorial and uncal herniation.

hemispheric infarction, with a mortality of 80%.

tracranial pressure are hyperventilation, osmotherapy, tromethamine and

 neurological outcome.

 [121].

lar (cytotoxic) and the extracellular (vasogenic) edema are known:
 caused by energy failure and anoxic membrane depolarization with

d cellular swelling.

g to increased permeability and movement of proteins and fluids from
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FIGURE 1

In European Cooperative Acute Stroke Studies (ECASS) III, a double-blind,

multicentre study, patients with acute ischaemic stroke were randomly

assigned to intravenous alteplase or placebo. Distribution of modified Rankin
scale scores (mRS) at day 30 for the intention-to-treat (a) and per-protocol (b)
populations according to Hacke et al. [41].
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because the neurological deficits created by ischemia can be partly

or completely reversed by reperfusing the ischemic yet viable

brain tissue within a crucial time period [24,25,31]. The penum-

bra zone can be verified in magnetic resonance tomography

(MRT) by the so-called mismatch of diffusion and perfusion

weighted sequences. The determined volumes of the regions with

abnormal perfusions are compared with the volumes of the acute

diffusion weighted lesions. If the final infarct size as assessed by

the diffusion weighted sequences is assumed to be larger than one

third of the hypo diffused area in perfusion weighted images, a

mismatch can be diagnosed, and thrombolytic treatment can be

started [31].

Stroke classification
The Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria

enables investigators to report responses to treatment among

important subgroups of patients with ischemic stroke. The TOAST

classification denotes five subtypes of ischemic stroke: (i) large-

artery atherosclerosis, (ii) cardioembolism, (iii) small-vessel occlu-

sion, (iv) stroke of other determined etiology and (v) stroke of

undetermined etiology [32].

Economic burden
The majority of cost-related analyses have focused on short-term in-

hospital care and early crucial care as the key drivers of acute

ischemic stroke hospitalization costs. Moreover, long-term medical

expenses resulting from nursing home and ambulatory care and

indirect expenditure from reduced income and informal care repre-

sent the most significant burden on lifetime costs of stroke [33].

A recent US study identified 12,278 patients and revealed that

the total mean annual direct medical costs for the entire sample

cost US$18,953. With approximately 22 million US residents

having prevalent cardiovascular diseases or stroke, this extrapo-

lates to direct costs of more than US$400 billion. Inpatient costs

accounted for 42.8% of total costs. The greatest differences in costs

were found when comparing patients who did versus those who

did not experience a secondary cardiovascular diseases hospitali-

zation (US$62,755 vs US$13,509, P = 0.001). Other large differ-

ences were found in comparisons of patients with versus without

diabetes (US$27,258 vs US$17,210), an estimated glomerular fil-

tration rate of less than 60 ml/min/1.73 m(2) (US$29,498 vs

US$16,326), depression (US$26,681 vs US$17,303) and death

(US$28,689 vs US$17,779) (P = 0.001 for all) [34].

Acute stroke treatment
Intravenous tissue plasminogen activator
The intravenous recombinant tissue plasminogen activator (rt-PA)

has been approved for stroke therapy because it was shown to

improve the clinical outcome after acute ischemic stroke [35] and

can reduce the effects of stroke and permanent disability [36].

Thrombolytic therapy began as early as 1933, since discovering

that filtrates of broth cultures of certain strains of Streptococcus

bacteria could dissolve a fibrin clot. In 1958, streptokinase was first

used in patients with acute myocardial infarction (MI), and this

changed the focus of treatment [37]. In 1996, the US Food and

Drug Administration (US FDA) approved the use of intravenous

thrombolysis with the more sophisticated rt-PA to treat ischemic

stroke in the first three hours after the start of symptoms [38,39].
European Cooperative Acute Stroke Studies (ECASS) III demon-

strated the efficacy and safety of intravenous thrombolysis for

patients up to 4.5 hours after onset of acute stroke [40–44]. Treat-

ment with thrombolysis even up to 4.5 hours from stroke onset

enhances the chance of a favorable outcome. Serious hemorrhage

rates are independent from the time after stroke onset, but mor-

tality increases when thrombolysis starts after more than 4.5

hours. Early treatment provides the best outcome, therefore results

from ECASS III should not be an excuse to start thrombolytic

treatment later [39] (Fig. 1). The phrase ‘Time is brain’ documents

the importance of rapid treatment because it has been estimated

that every minute 1.9 million neurons are dying after stroke [45].

The Simplified Management of Acute Stroke Using Revised Treat-

ment (SMART) criteria study is ongoing, including all stroke

patients for thrombolysis in a time window up to 4.5 hours, the

only exclusion criterion is intracranial hemorrhage [45]. Another

interesting ongoing study is the Building Radiological support for

Intra-arterial Delivery in acute stroke by Gaining Efficiency (the

BRIDGE study), that showed that creating an in-hospital, endo-

vascular team over 24 hours each day results in a significant

reduction of time until thrombolysis procedure initiation so that

time could be saved in stroke patients [46].

Endovascular stroke therapy
The benefit of thrombolysis after acute ischemic stroke depends on

the size of the occluded vessel. The intra-arterial route, using a
www.drugdiscoverytoday.com 299
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microcatheter delivery system, offers several advantages, com-

pared to intravenous administration. These include higher con-

centrations of fibrinolytic agent at the clot site and reduced

systemic exposure to thrombolytics. The use of intra-arterial

thrombolysis or combining intravenous administration of rt-PA

has been established for large vessels occlusion. Although intra-

arterial fibrinolysis has been used for decades [47,48], it is not a

therapy approved by the US FDA. Trials have shown beneficial

effects compared with intravenous thrombolysis in acute ischemic

stroke with hyperdense middle cerebral artery sign (MCA). The

Prolyse in Acute Cerebral Thromboembolism (PROACT) II trial

showed in 66% of patients a satisfactory partial recanalization rate

compared with 18% in the control group [49], with no increasing

mortality. The complete recanalization rate was 19% in the treat-

ment group as compared with 18% in the control group [50].

Combined intra-arterial and intravenous thrombolysis showed

only a modest trend towards an improved clinical outcome [49].

Several clot retrieval devices that physically grasp cerebral

thrombi and pull them out of the cerebral circulation and suction

thrombectomy devices that aspirate occlusive material from the

vessel are known [49]. These devices have been reported to increase

recanalization rate and patient outcome. Several retrievers are in

clinical use, like Microsnare, Neuronet, the Merci retriever [51–53]

and the TREVO device (ClinicalTrials.gov: http://clinicaltrials.-

gov/ct2/show/NCT01088672). The Merci retriever was tested in

the multicenter Mechanical Embolus Removal in Cerebral Ische-

mia (MERCI) trial, with the result of achieving in 54% partial or

complete recanalization with a good clinical outcome [52].

Symptomatic hemorrhage occurred in 5% of patients treated

with the device alone and in 24% treated with additional an intra-

arterial thrombolysis. Further studies reported a better outcome for

thrombectomy following intravenous thrombolysis [54]. Emer-

gency carotid artery stent placement was performed in a small

study group with good clinical outcomes [55]. For a comprehen-

sive overview on endovascular stroke therapy and about new
Surgery
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FIGURE 2

In the Hemicraniectomy After Middle cerebral artery infarction with Life-

threatening Edema Trial (HAMLET) trial 64 patients were randomly assigned
to surgical decompression or best medical treatment. This illustration shows

the distribution of scores on the modified Rankin Scale for the two treatment

groups after one year [57]. For the primary measure of outcome, an mRS score
of 4–6, the absolute risk reduction was 0%, 95% CI-21 to 21. Poor outcome,

defined as an mRS score of 5 or 6, was slightly lower after surgical

decompression, but this was not significant (absolute risk reduction of 19%,

�5 to �43; P = 0.13). Only risk of death was significantly lower in the patients
who were treated surgically (absolute risk reduction of 38%; P = 0.002).

300 www.drugdiscoverytoday.com
promising pharmacological and mechanical treatment options

refer to the recent review by Killer et al. [56].

Surgical decompression for space-occupying cerebral infarction
Decompressive surgery has been performed for decades. However,

clear evidence was obtained only in 2009 when the Hemicraniect-

omy After Middle cerebral artery infarction with Life-threatening

Edema Trial (HAMLET) was published [57]. Patients with space-

occupying hemispheric infarctions have a poor prognosis, with

case fatality rates of up to 80%. HAMLET assessed that surgical

decompression reduces case fatality and poor outcome in patients

with space-occupying infarctions who are treated within 48 hours

of stroke onset (Figs 2,3). There is no evidence that this operation

improves functional outcome when it is delayed for up to 96 hours

after stroke onset [57].

Clotbust
A multicenter collaborative group prospectively implemented a

protocol for transcranial Doppler (TCD) assessment of intracranial

recanalization with rt-PA treatment on the basis of the (Combined

Lysis of Thrombus in Brain ischemia using transcranial Ultrasound

and Systemic tPA Trial) (CLOTBUST-PRO) clinical trial for early

recanalization [58]. In stroke patients treated with intravenous rt-

PA, continuous TCD monitoring of intracranial occlusion was safe.

rt-PA induced arterial recanalization showed a trend to more

patients recovering from stroke [59]. The aim of Phase II CLOT-

BUST trial was to determine the rates of early complete recanaliza-

tion and dramatic/early clinical recovery in r-tPA and TCD and rt-

PA groups. It showed that the combination of alteplase plus two

hours of continuous TCD increases recanalization rates [59].

Primary and secondary stroke prevention
An overview of the American Heart Association/American Stroke

Association (AHA/ASA) Guidelines for antithrombotic therapy for

prevention of stroke in patients with non-cardioembolic and

cardioembolic cerebrovascular events is given in Box 4 and 5.

Antiplatelet drugs
Acetylsalicylic acid

For secondary prevention of vascular events, including stroke and

MI the benefits of acetylsalicylic acid (ASA) are well established.

This has been summarized by data from the Antithrombotic

Trialists’ collaboration showing further that ASA does not signifi-

cantly increase hemorrhagic stroke rate [60]. ASA is a broadly used

antiplatelet agent and inhibits irreversible platelet aggregation by

blocking the enzyme cyclooxygenase [61]. The normal dosage

supplied ranges from 75 mg to 150 mg. Higher doses have been

tested, and it was demonstrated that it doesn’t cause a greater

ischemic risk reduction, but causes a higher hemorrhage compli-

cation rate [62].

ASA resistant patients, as measured by current laboratory tests,

suffer from cerebrovascular events more frequently. Possible

causes of ASA resistance include poor compliance, inadequate

dose and drug interactions, genetic polymorphisms of cycloox-

ygenase-1, increased platelet turnover and upregulation of

nonplatelet pathways of thromboxane production. However,

standardized approaches to the diagnosis and the treatment for

ASA resistance have not been outlined [53].

http://clinicaltrials.gov/ct2/show/NCT01088672
http://clinicaltrials.gov/ct2/show/NCT01088672
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FIGURE 3

(a) Axial computed tomography (CT) scan shows acute cerebral infarction on the right – early infarct signs (arrow) can hardly be seen. (b) Axial CT scan (one day

later), the subacute cerebral infarct in the right middle cerebral artery (MCA) distribution shows a slight mass effect by compression of the right lateral ventricle

and a slight midline shift. (c) One day after decompressive surgery CT scan shows still discernible edema, with even more mass effect on the right lateral ventricle.
(d) Reduced mass effect, because of decompressive surgery, the infarct shows gyriform areas of increased attenuation indicating slight hemorrhagic

transformation. (e) Axial CT scan (five weeks later) the mass effect has resolved.
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BOX 5

American Heart Association/American Stroke Association guidelines for antithrombotic therapy for prevention of stroke in patients with
cardioembolism [123].

Risk factor Recommendation

Atrial fibrillation � Ischemic stroke or transient ischemic attack patients with atrial fibrillation should receive oral anticoagulants

� Warfarin targeted to INR intensity 2.5 (range 2.0–3.0) is recommended

Acute myocardial infarction and
left ventricular thrombus

� If ischemic stroke/transient ischemic attack is caused by acute myocardial infarction and left ventricular

mural thrombus is identified oral anticoagulants are reasonable
� Target INR should be 2.0–3.0 and treatment should be continued for three months to one year

Cardiomyopathy � Either warfarin or antiplatelet therapy might be considered in patients with dilatative cardiomyopathy

Rheumatic mitral valve disease � Long-term oral anticoagulation is recommended in ischemic stroke/transient ischemic attack patients with

rheumatic mitral valve disease whether atrial fibrillation is present or not

� Target INR 2.5 (range 2.0–3.0) is recommended
� Adding aspirin is suggested if recurrent embolisms occurs while receiving warfarin

Mitral valve prolapse � Long-term antiplatelet therapy is recommended in patients who have ischemic stroke/transient ischemic attack

Mitral annular calcification � Antiplatelet therapy might be considered in patients with ischemic stroke/transient ischemic attack and

mitral annular calcification
� Either antiplatelet drugs or warfarin might be considered in patients with mitral regurgitation resulting

from mitral annular calcification without atrial fibrillation

Aortic valve disease � Antiplatelet therapy might be considered in patients with ischemic stroke/transient ischemic attack and

aortic valve disease in the absence of atrial fibrillation

Prosthetic heart valves � Oral anticoagulants are recommended
� Target INR 2.5 (range 2.0–3.0) is recommended

� If ischemic stroke or systemic embolism occurs despite adequate oral anticoagulant therapy it is reasonable

to add aspirin 75–325 mg/daily while maintaining target INR 3.0 (range 2.5–3.5)

� For ischemic stroke patients with bioprosthetiv heart valves and no other source of thromboembolism
warfarin to INR 2.0–3.0 might be considered

BOX 4

American Heart Association/American Stroke Association guidelines for antithrombotic therapy for prevention of stroke in patients with
noncardioembolic stroke or transient ischemic attack [122].

Agent Type Recommendation

Aspirin Antiplatelet, US FDA

approved for secondary ischemic

stroke prevention

� Recommended as an acceptable option for initial therapy at doses of 50–325 mg/day

� For patients who experience ischemic stroke while on aspirin, no evidence supports

increasing the aspirin dose, and no other antiplatelet agent or combination has been
well studied under these circumstances

Ticlopidine Antiplatelet, US FDA

approved for secondary ischemic

stroke prevention

� No specific recommendations for use as initial antiplatelet therapy

Clopidogrel
(monotherapy)

Antiplatelet, US FDA

approved for secondary ischemic

stroke prevention

� Recommended as an acceptable option for initial therapy

� Might be considered instead of aspirin monotherapy, in particular for patients who

cannot tolerate aspirin

Aspirin plus ER
dipyridamole

Antiplatelet combination, US FDA

approved for secondary ischemic
stroke prevention

� Recommeded as an acceptable option for initial therapy

� Combination of aspirin plus ER dipyridamole is recommended instead of aspirin alone

Aspirin plus
clopidogrel

Antiplatelet combination � Not routinely recommended for ischemic stroke and transient ischemic attack patients

because of the increased risk of hemorrhage, unless a specific indication for this therapy

exists (e.g. carotid artery stenting)

Warfarin Oral anticoagulant � Not recommended because of increased risk of bleeding complications and costs

of monitoring

TIA: transient ischemic attack.
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Clopidogrel
Clopidogrel, a thienopyridine compound, is an antiplatelet agent

and is marginally more effective than ASA. The Clopidogrel versus

Aspirin in Patients at Risk of Ischaemic Events (CAPRIE) trial is the

largest study that has compared clopidogrel 75 mg with ASA

325 mg. The CAPRIE study revealed a relative risk reduction of

7.3% with clopidogrel among a stroke subgroup of 6431 patients

[63]. The study also revealed that clopidogrel causes less gastroin-

testinal bleedings and it is the agent of choice in patients with

contraindications to or adverse effects of ASA or in cases of ASA

failure [64]. As an inactive prodrug it requires generation of its active

compound, the hepatic cytochrome P450 system [65]. Concomitant

administration of a proton-pump inhibitor attenuates clopidogrel’s

antiplatelet action because of a drug interaction at the level of the

P450 cytochrome system [65]. However, costs of clopidogrel are

greater than that of ASA [65]. Several studies reported that clopido-

grel resistance causes a poorer clinical outcome. Tests measuring

clopidogrel activity are under investigation [65].

Ticlopidine
Ticlopidine is also an adenosine diphosphate (ADP) receptor inhi-

bitor. The Ticlopidine Aspirin Stroke Study (TASS) compared ticlo-

pidine with ASA and showed a 12% risk reduction with ticlopidine

in the three-year event rate for non-fatal stroke or death. More-

over, it revealed a 21% risk reduction of the rates of fatal and non-

fatal stroke at three years with ticlopidine [66]. The Canadian

American Ticlopidine Study (CATS) assessed the effect of ticlopi-

dine (250 mg twice daily) in reducing the rate of subsequent

occurrence of stroke, MI, or vascular death in patients with a

recent thromboembolic stroke. Adverse events were reversible,

and included neutropenia (severe in about 1%), skin rash and

diarrhea (severe in 2% each) [67].

The African American Antiplatelet Stroke Study (AAASPS), how-

ever, failed to show any benefit of ticlopidine compared with ASA

in a high-risk population [68].

ASA plus extended release (ER) dipyridamole
Dipyridamole is a pyrimidopyridine derivative with antiplatelet and

vasodilator properties [69]. Owing to its costs ASA plus ER dipyr-

idamole has a limited use and to its side effects. The European Stroke

Prevention Study 2 (ESPS-2) demonstrated a significant risk reduc-

tion (37%) of recurrent stroke in patients with a recent cerebrovas-

cular event who were treated with the combination of ASA plus ER

dipyridamole compared with ASA and dipyridamole monotherapy

(18% and 16%, respectively) [70]. In the European/Australasian

Stroke Prevention in Reversible Ischaemia Trial (ESPRIT) an advan-

tage of ASA and dipyridamole over ASA monotherapy after cere-

brovascular events was seen with a documented 20% risk reduction

in ischemic events. A total of 70% of patients receiving the combi-

nation therapy discontinued mostly because of the side effects,

mainly headache, compared with 2% in the ASA treated group.

However, dipyridamole induced headache occurs typically during

treatment initiation and is in most cases transient [71].

Oral anticoagulation
Warfarin

The use of oral anticoagulation with vitamin K antagonists to

maintain an international normalized ratio (INR) of 2.0–3.0 has
been the cornerstone of antithrombotic therapy for more than 20

years [72]. Warfarin’s limitations include the substantially bleed-

ing risk increasing with the intensity of anticoagulation, several

drug interactions, and variable intakes of dietary vitamin K that

can create significant fluctuations in the anticoagulation effects

despite the same dose of warfarin [73]. Warfarin has been demon-

strated to be effective in the prevention of cardioembolic strokes as

demonstrated by the European Atrial Fibrillation Trial showing a

reduced risk of recurrent cerebrovascular events from 12% to 4%,

compared with placebo [74]. The Warfarin Aspirin Recurrent

Stroke Study (WARSS) compared warfarin and ASA efficacy in

non-cardioembolic strokes, however, the study did not demon-

strate a significant difference in clinical outcome and also in the

hemorrhage rates [75].

A more recent trial with intensive warfarin monitoring sug-

gested a remarkable reduction of stroke recurrences without more

adverse events, but because of the risk of bleeding during warfarin

therapy, antiplatelet drugs are still the treatment of choice for the

prevention of stroke after non-cardioembolic stroke [74]. Further

oral anticoagulants that are predominantly used in Europe are

acenocoumarol and phenprocoumon, they have the same proven

efficacy by reducing stroke risk by 68% against placebo [76].

Combination therapies
In patients with contraindication for anticoagulant treatment

the combination of ASA and clopidogrel is not as effective as

warfarin in case of atrial fibrillation [77]. A further analysis

showed that patients with paroxysmal atrial fibrillation who

were treated with ASA and clopidogrel or oral anticoagulation

had a similar risk for thromboembolic events [78]. ASA has been

investigated to be the most commonly used alternative to war-

farin, as it reduces the risk of stroke and other major vascular

events in patients with atrial fibrillation by approximately 17%

compared with control [65].

Patients who have had MI in addition to stroke are still more

probably to have a stroke before a second MI. ASA is in this setting

efficacious but according to the ESPS-2 and ESPRIT [79,80] trials

not as much as ASA in combination with dipyridamole. The

CAPRIE [63] trial suggested clopidogrel to be more effective than

the others. In patients with coronary disease, treatment with

clopidogrel and ASA should be considered in accordance to the

Clopidogrel in Unstable angina to prevent Recurrent Events

(CURE), the Clopidogrel as Adjunctive Reperfusion Therapy –

Thrombolysis in Myocardial Infarction 28 (CLARITY-TIMI-28)

and COMMIT ClOpidogrel and Metoprolol in Myocardial Infarc-

tion Trial (COMMIT) trials [81–83].

In the Management of Atherothrombosis with Clopidogrel in

High-risk (MATCH) trial for patients with recent cerebrovascular

event, the addition of ASA to clopidogrel showed no significant

benefit in reduction of major vascular events (relative risk reduc-

tion of 6.4%). The reason for this finding was a higher absolute risk

of life-threatening bleeding on dual antiplatelets compared with

clopidogrel monotherapy [75,84]. Dual antiplatelet therapy using

ASA and clopidogrel is recommended after stent placement [85].

Moreover, the Fast Assessment of Stroke and Transient Ischemic

Attack to Prevent Early Recurrence (FASTER) trial investigating

patients with acute cerebrovascular events, revealed that the

combination of ASA and clopidogrel might be more effective than
www.drugdiscoverytoday.com 303
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ASA alone if administered immediately and for only the first few

months. The rationale is that the risk of recurrent stroke is highest

in the first months and the patients are not exposed to the long-

term risks of bleeding associated with the dual therapy compared

with aspirin or clopidogrel alone. Clopidogrel was given with

300 mg as a loading dose then 75 mg daily in combination with

ASA 100 mg daily [86].

The Prevention Regimen for Effectively Avoiding Second

Strokes (PROFESSs) trial compared ER-dipyridamole plus ASA ver-

sus clopidogrel [87]. From a total of 20,332 enrolled patients no

statistical differences were found in either arm for the primary

outcome of fatal or non-fatal stroke. ER-dipyridamole plus ASA

were also associated with an increase in hemorrhagic events but

there was no evidence to suggest a statistically significant increase

in combined rates of stroke recurrence. It is important to note that

the comparison to ASA was not the goal of PROFESS, and the

results of this study should only be used to compare clopidogrel

and ASA-ER-dipyridamole regimens [87].

Combination therapy of warfarin and ASA is indicated only in

rare conditions, such as patients with atrial fibrillation who have

coexisting atherosclerotic vascular disease, for prevention of

thrombus formation in the left atrium and in arteries. Warfarin

prevents formation of fibrin-rich thrombi and ASA prevents plate-

let-rich thrombi associated with arterial vascular disease [65,79].

The indications for triple antithrombotic therapy, including war-

farin, ASA and clopidogrel, are rare and only used in patients with

special conditions [85]. In summary, combination therapy should

therefore be considered only in very special cases because it leads

to increased bleeding complications.

Further antithrombotic regimes
GPIIb/IIIa blockade represents a significant advance in interven-

tional cardiology and treatment of acute ischemic syndromes.

GPIIb/IIIa blockers target the unique platelet GPIIb/IIIa receptor

for the adhesive proteins, fibrinogen and von Willebrand Factor.

GPIIb/IIIa receptor blockers bind through their arginine-glycine-

aspartic acid recognition site. A larger recognition sequence is

specific for the gamma chain of fibrinogen. Except for some tumor

cells, the GPIIb/IIIa receptor is confined to cells of the megakar-

yocyte/platelet lineage [88].

Platelet GPIIb/IIIa blockers administered intravenously have

proven efficacy in mitigating arterial thrombosis in acute coronary

syndromes and percutaneous coronary interventions. At present,

orally-active platelet GPIIb/IIIa blockers are being developed to

provide additional benefits for primary and secondary prevention

of thrombosis as chronic treatment, in particular in high-risk

patients [88].

Abciximab
Abciximab, a human murine chimeric antibody to the GPIIb/IIIa

receptor, in combination with ASA and adjusted-dose heparin, is

approved for the prevention of ischemic complications in patients

undergoing percutaneous coronary interventions. Abciximab

immediately induces an 80% blockade of GPIIb/IIIa receptors, a

reduction of ADP-induced platelet aggregation to 15% of pre-

treatment levels, and prolongation of the bleeding time to

30 min. Hemostatic effects persist for four to six hours after

termination of the intravenous infusion, and platelet function
304 www.drugdiscoverytoday.com
gradually recovers over the next 24–48 hours. Abciximab appeared

to be safe when administered up to 24 hours after stroke onset, and

it was shown to improve functional outcome [89].

However, these positive data could not be confirmed in the

Abciximab in Emergent Stroke Treatment Trial – II (AbESTT-II) that

showed an increased rate of symptomatic or fatal intracranial

hemorrhages in primary and wake-up stroke patients [90]. Further-

more, Abciximab was not more effective than ASA [65].

Iotrafiban, Terutroban and Ximelagatran
Ximelagatran was the first orally available direct thrombin inhi-

bitor [91]. In Stroke Prevention using ORal Thrombin Inhibitor in

atrial Fibrillation (SPORTIF) III and V the efficacy of warfarin and

ximelagatran were similar for prevention of cardioembolic and

non-cardioembolic strokes. However, it has been withdrawn from

the market because of severe hepatic injury, but similar com-

pounds are presently being studied [65,92,93] (Fig. 4).

Iotrafiban is a member of the latest generation of orally-active

platelet GPIIb/IIIa blockers undergoing Phase III clinical trials to

test the relative effectiveness versus other oral platelet inhibitors

[88]. Preliminary results of the clinical trial Anti Platelet Useful

Dose Trial (APLAUD) showed that iotrafiban is clinically safe and

well-tolerated in patients with recent MI, unstable angina, tran-

sient ischemic attack, or stroke when added to ASA therapy [88].

A worldwide large-scale Phase III clinical trial [blockage of the

GPIIb/IIIa receptor to avoid vascular occlusion = (BRAVO)] found

that a combination of ASA and GPIIb/IIIa blockers is not superior

to ASA monotherapy but showed a higher bleeding risk [64].

Terutroban, a specific antagonist of the thromboxane A2 recep-

tor on platelets and the vessel wall has been shown to be more

effective than ASA in the prevention of recurrent stroke and other

major vascular events [65]. The prevention of cerebrovascular and

cardiovascular events of ischemic origin with terutroban treat-

ment in patients with a history of ischemic stroke or transient

ischemic attack (PERFORM) trial was an international, multicen-

ter, randomized, double-blind, parallel-group study in patients

aged 55 and older who have suffered ischemic strokes (below three

months) or transient ischemic attacks (below eight days) [93].
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However, the trial has recently been halted because of non-pro-

mising interim analyses [65].

Phosphodiesterase inhibitor
Cilostazol

An alternative to ASA is cilostazol, a phosphodiesterase 3 inhibitor

[94]. It has demonstrated antiplatelet and vasodilator effects with

low rates of bleeding complications [95]. In a trial 720 patients

were enrolled who had had an ischemic stroke. Cilostazol was

compared with ASA with no significant differences in the rate of

recurrence of stroke. The lower rates of ischemic and hemorrhagic

stroke in the cilostazol group suggest that cilostazol might be a safe

alternative to ASA. However, a larger Phase III trial is required to

confirm this [95]. Another trial compared the effects of cilostazol

versus ASA on cerebral arteries and cerebrovascular blood flow in

secondary prevention of ischemic stroke. It was concluded that

cilostazol is as effective as ASA [96].

Promising future anticoagulants – direct thrombin inhibitors
Dabigatran

Dabigatran etexilate is a prodrug of the direct thrombin inhibitor

dabigatran, a direct, reversible, potent inhibitor of thrombin.

Dabigatran does not interact with food, and is associated with

few known drug interactions. In the Randomized Evaluation of

Long-Term Anticoagulation Therapy (RE-LY) trial dabigatran, at

dosages of 110 and 150 mg twice daily, was shown to be non-

inferior to warfarin with regards to the incidence of stroke or

systemic embolisms in a wide spectrum of patients with atrial

fibrillation [97]. Moreover, the higher dosage was associated with

significantly greater efficacy compared with warfarin. Dabigatran

was only associated with a higher rate of dyspepsia than warfarin.

Major bleedings were as common in recipients of the higher

dosage as with warfarin and less common in recipients of the

lower dosage of dabigatran. Intracranial bleedings, life-threaten-

ing major bleedings and total bleedings were less common in

recipients of dabigatran than in warfarin recipients. The inci-

dence of hepatotoxicity did not significantly differ across treat-

ment groups. In conclusion, dabigatran 150 mg twice daily is

more effective than warfarin for the prevention of stroke and

systemic embolisms in patients with atrial fibrillation [97]

(Fig. 4). One concerning contrast to warfarin is that there is

currently no available antidote and available monitoring is not

standardized [98].

Oral, direct factor Xa inhibitors

Factor Xa (FXa) is a trypsin-like serine protease that has a key role

in the blood coagulation cascade. FXa inhibitors selectively impair

the central protease common to both the intrinsic and extrinsic

pathways. FXa converts the prothrombin zymogen to its active

form, thrombin. FXa is the primary and rate-limiting source of

amplification in the coagulation cascade [99].

LY517717

LY517717 (Lilly) has an elimination half-life of approximately 25

hours in healthy subjects [96]. LY517717 has not yet been studied

for stroke prevention in patients with atrial fibrillation, and only

venous thromboembolism prevention data are currently available.

In a randomized, double-blind, dose-escalation study in patients

undergoing total knee or hip replacement, LY517717 demonstrated
dose dependent efficacy with a similar incidence of bleeding like

enoxaparin for the prevention of venous thromboembolism. No

information is currently available regarding future studies with

LY517717 [100].

YM150

YM150 (Astellas) is a direct FXa inhibitor with a potent antith-

rombotic effect. Bleeding complications are less frequent than

with warfarin [101]. Studies in patients with total hip replacement

showed a significant dose–response with relationship to the pri-

mary efficacy endpoint, none of the 174 patients had bleeding

complications. An ongoing Phase II study is evaluating YM150 for

stroke prevention in patients with atrial fibrillation in comparison

with warfarin, and enrolled more than 1200 patients [101; Clin-

icalTrials.gov: http://clinicaltrials.gov/ct2/show/NCT00938730?

term=YM150&rank=8].

Edoxaban: DU-176b

DU-176b (Daiichi Sankyo) inhibits FXa, and is 10,000-fold more

selective for FXa than thrombin. In rat models, DU-176b inhibited

both arterial and venous thrombosis in the same concentration

range, whereas a 100-fold higher dose of fondaparinux (FXa inhi-

bitor)1 was required to inhibit arterial thrombosis than venous

thrombosis. In a Phase I study in healthy male subjects, a single

60 mg dose of DU-176b inhibited FXa activity, prolonged clotting

parameters and reduced thrombus formation in a Badimon cham-

ber for up to five hours after administration. Results from a Phase

IIa study of DU-176b for venous thromboembolism prevention

after total hip replacement demonstrated proof-of-principle, but

have yet to be published. Phase IIb studies with DU-176b in venous

thromboembolism prevention, stroke prevention in patients with

atrial fibrillation and prevention of thromboembolic events in

patients with acute coronary syndrome are planned or have been

initiated [57,99,102], ClinicalTrials.gov: http://clinicaltrials.gov/

ct2/show/NCT00781391].

Apixaban

Apixaban is a direct, selective FXa inhibitor [103]. It has a half-life

of approximately 12 hours and is eliminated predominantly

through non-renal mechanisms. Apixaban has no known

food–drug interactions, a minimal potential for drug–drug inter-

actions and a low likelihood of QT-interval prolongation. Pro-

longed QT-interval indicates a risk for arrhythmia. It also did not

show organ specific toxicity [104,105]. The Apixaban versus

enoxaparin for thromboprophylaxis after knee replacement

(ADVANCE) 1 and 2 trials [101] showed in patients undergoing

knee replacement that the primary outcome event rates in each

treatment groups were similar to enoxaparin [106]. Also, they

demonstrated a trend toward less clinically relevant bleeding

[106]. The Apixaban for Stroke Prevention in Atrial Fibrillation

(ARISTOTLE) trial will determine apixaban’s efficacy by contrast

to warfarin in preventing stroke and systemic embolism and its

benefits and side effects in the warfarin-naive population [107].
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The Apixaban Versus Acetylsalicylic acid to Prevent Stroke in

Atrial Fibrillation Patients who have Failed or are Unsuitable for

Vitamin K Antagonist Treatment trial (AVVEROES) will deter-

mine whether apixaban is more effective than ASA in preventing

cardioembolic strokes [ClinicalTrial.gov: http://clinicaltrials.

gov/ct2/show/NCT00496769].

Betrixaban

Betrixaban is a small molecule, direct FXa inhibitor that reversibly

inhibits FXa. It has an effective half-life of 20 hours and is excreted

without modification in bile. The EXPERT trial [Evaluation of the

FXa inhibitor, PRT054021 (PRT021), against enoxaparin is a ran-

domized trial for the prevention of venous thromboembolic

events after total knee replacement] randomized 215 patients

undergoing elective total knee replacement to receive post-opera-

tive oral betrixaban 15 mg or 40 mg or enoxaparin 30 mg. Venous

thromboembolism incidence was 20% for betrixaban 15 mg, 15%

for betrixaban 40 mg and 10% for enoxaparin. No bleeding was

reported with betrixaban 15 mg, 2.4% clinically significant non-

major bleeds with betrixaban 40 mg, and 2.3% major and 4.6%

clinically significant non-major bleedings with enoxaparin [108].

The EXPLORE-Xa trial (Phase II study of the safety, tolerability and

pilot efficacy of oral FXa inhibitor betrixaban compared with

warfarin) evaluated betrixaban for stroke prevention in 508

patients with atrial fibrillation. Betrixaban dosage was blinded

for 40 mg, 60 mg and 80 mg daily. The most common side effects

were diarrhea and nausea, the 40 mg dosage was associated with a

lower bleeding rate than warfarin, whereas the 60 mg and 80 mg

dosage had bleeding rates comparable with warfarin [99].

Rivaroxaban

Rivaroxaban is a small-molecule direct FXa inhibitor that is under

investigation for the prevention and treatment of venous and

arterial thrombosis. Rivaroxaban does not show hepatotoxicity.

Furthermore, there is no considerable drug–drug interaction

[99,109].

The Phase II ATLAS ACS TIMI 46 (Anti Xa therapy to lower

cardiovascular events in addition to acetylsalicylic acid with/with-

out thienopyridine therapy in subjects with acute coronary syn-

drome) tested 16,000 patients with an acute coronary syndrome

treated with rivaroxaban and diagnosed a 31% relative risk reduc-

tion in the risk of death, MI or stroke. However, a dose dependent

increased bleeding rate was seen [110]. The Phase III ROCKET AF

study (Rivaroxaban once daily oral direct FXa inhibition compared

with vitamin K antagonism for prevention of stroke and embolism

trial in atrial fibrillation) will determine in detail the efficacy and

safety of rivaroxaban [109].

Indirect FXa inhibitors

Idraparinux is a subcutaneous,  indirect FXa inhibitor. It is a

hypermethylated, long-acting pentasaccharide, enabling once-

weekly dosing. In a randomized treatment study, idraparinux had

similar efficacy to warfarin and demonstrated dose-dependent

increases in major bleedings. The AMADEUS (Evaluating the use

of SR34006 compared with warfarin or acenocoumarol in patients

with atrial fibrillation) trial revealed that in patients with atrial

fibrillation at risk of thromboembolism, long-term treatment

with idraparinux was not inferior to vitamin K antagonists in

terms of efficacy, but caused significantly more bleedings [111]. A
306 www.drugdiscoverytoday.com
bioequipotency study of biotinylated idraparinux versus idrapar-

inux for the treatment of deep venous thrombosis is currently

ongoing [clinical study assessing SSR126517E injections once-

weekly in pulmonary embolism therapeutic approach (CASSIO-

PEA) study of biotinylated idraparinux vs warfarin for the treat-

ment of pulmonary embolism] [112–114].

Novel vitamin K antagonists

Tecarfarin is an orally administered vitamin K epoxide reductase

antagonist that has mechanisms of action identical to those of

warfarin, but is metabolised by carboxylesterases. This fact could

improve maintenance of the INR in the therapeutic range. A

preliminary open label study showed that compared with warfarin

patients had a 10% improvement in time within the therapeutic

INR range [65]. However, further studies are mandatory to inves-

tigate the efficacy.

Novel thienopyridine derivatives

Novel ADP P2Y (12) antagonists, including prasugrel, ticagrelor,

cangrelor and elinogrel, are in various phases of clinical devel-

opment. These ADP P2Y (12) antagonists have advantages over

clopidogrel ranging from faster onset to greater and less variable

inhibition of platelet function. They are under investigation to

determine whether their use can result in improved antiplatelet

activity, faster onset of action and/or greater antithrombotic

effects than clopidogrel, without an unacceptable increase in

bleeding or other side effects [115]. Prasugrel has a more potent

antiplatelet activity, faster onset of action and less interpatient

variability as compared with clopidogrel [116]. These pharmaco-

dynamic properties led to the fact that prasugrel was more effec-

tive in preventing ischemic events in patients undergoing acute

percutaneous coronary intervention of the recent TRITON-TIMI

38 (trial to assess improvement in therapeutic outcomes by opti-

mizing platelet inhibition with prasugrel–thrombolysis in myo-

cardial infarction) study [117]. However, the greater protective

effects were partially counterbalanced by an increased risk of

bleeding.

Another candidate is ticagrelor that is not a prodrug and exhi-

bits a more rapid onset of action than the thienopyridine prodrugs.

Clinical trials showed that ticagrelor was a potent inhibitor of

ADP-induced platelet aggregation and demonstrated effects and a

bleeding profile that were comparable to clopidogrel. However, an

increased incidence of dyspnea was observed. The platelet inhibi-

tion and patient outcomes (PLATO) trial enrolled 18,624 patients

with acute coronary syndrome to receive ticagrelor or clopidogrel,

and ASA. At 12 months a composite of death from cerebrovascular

or cardiovascular causes had occurred in 9.8% of patients receiving

ticagrelor as compared with 11.7% of those taking clopidogrel.

There was no significant difference in the risk of stroke between

the two groups [118]. However, considering the side effects and the

apparent non-superiority, if is not yet clear whether ticagrelor has

a benefit in stroke patients [118].

Concluding remarks
Acute stroke therapy has improved significantly in recent years

and further new treatments will be developed in future. The most

important future directions for acute stroke therapy are to extend

the therapeutic time window. Further drugs that are currently

under investigation might have the potential to be applied. In

accordance with primary and secondary stroke prevention many

http://clinicaltrials.gov/ct2/show/NCT00496769
http://clinicaltrials.gov/ct2/show/NCT00496769
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medical therapies have been developed and new drugs are on the

horizon. The ‘polypill’ containing 75 mg ASA, 20 mg simvastatin,

10 mg lisinopril and 12.5 mg hydrochlorothiazide is under inves-

tigation. A new aspect of antiplatelet drugs is the decreasing

response in patients to ASA or clopidogrel that is correlated

independently with an increased risk of cardiovascular events.

However, there is still no evidence from randomized trials referring

about ASA or clopidogrel resistance. Another goal in the treatment

of cardioembolic strokes that will potentially be solved soon by the

upcoming oral anticoagulants is a better or comparable efficacy

compared with warfarin with a lower bleeding complication rate.

Combination therapies will probably become prevalent

for acute ischemic stroke, like the combination of intravenous
thrombolysis as bridging therapy for thrombectomy, or combina-

tion of thrombectomy with intra-arterial thrombolysis or even the

combination of all three of them. Moreover, the concomitant

treatment of thrombectomy with abciximab or tirofibane is

becoming an effective treatment option.

Novel approaches will include extending penumbral survival

for the later use of reperfusion therapy, reducing reperfusion

injury after successful reperfusion and using drugs with both

neuroprotective and recovery enhancing effects. Part B of our

review will therefore focus on new experimental therapies that

have the potential of further improving stroke outcome. Some of

these substances will be implemented in clinical routine in

approximately 5–10 years.
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