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Stroke
Geoﬀrey A Donnan, Marc Fisher, Malcolm Macleod, Stephen M Davis

Stroke is the second most common cause of death and major cause of disability worldwide. Because of the ageing
population, the burden will increase greatly during the next 20 years, especially in developing countries. Advances
have occurred in the prevention and treatment of stroke during the past decade. For patients with acute stroke,
management in a stroke care unit (SCU), intravenous tissue plasminogen activator within 3 h or aspirin within 48 h
of stroke onset and decompressive surgery for supratentorial malignant hemispheric cerebral infarction are
interventions of proven beneﬁt, and several other interventions are being assessed. Proven secondary prevention
strategies are warfarin for patients with atrial ﬁbrillation, endarterectomy for symptomatic carotid stenosis, antiplatelet
agents, and cholesterol reduction. The most important intervention is the management of patients in stroke care
units because these provide a framework within which further study might be undertaken. These advances have
exposed a worldwide shortage of stroke health-care workers, especially in developing countries.

Epidemiology
Stroke causes 9% of all deaths around the world and is
the second most common cause of death after ischaemic
heart disease.1 The proportion of deaths caused by
stroke is 10–12% in western countries, and 12% of these
deaths are in people less than 65 years of age.2 In 2002,
stroke-related disability was judged to be the sixth most
common cause of reduced disability-adjusted life-years
(DALYs—the sum of life-years lost as a result of
premature death and years lived with disability adjusted
for severity).3 However, because of the burgeoning
elderly population in western societies, the estimation
is that by 2030 stroke-related disability in western
societies will be ranked as the fourth most important
cause of DALYs.4
Worldwide, stroke consumes about 2–4% of total
health-care costs, and in industrialised countries stroke
accounts for more than 4% of direct health-care costs.
The total costs to society have been variously estimated at
£7·6 billion in the UK at 1995 prices, AUS$1·3 billion in
Australia, and US$40·9 billion in the USA at 1997 prices,5,6
which represents about US$100 per head of population
per year. Nevertheless, the proportion of research funds
directed towards stroke remains disproportionately and
disappointingly low.7
Although, the average age-adjusted stroke mortality for
developed countries is about 50–100 per 100 000 people
per year, there are diﬀerences between countries. For
example, projections for 2005 based on age-standardised
death rates for ages 30–69 years in the Russian Federation
were greater than 180 per 100 000 people whereas for
Canada they were less than 15 per 100 000 people (ﬁgure 1).8
Such strong geographical variations might suggest a role
for diﬀerences in the prevalence of risk factors and genetic
factors and diﬀerences in the management of stroke. Even
though there has been a constant reduction in stroke
mortality in developed countries during the past 50 years
(a relative reduction of about 1% per year until the
late 1960s followed by a more steep fall of as much as 5%
per year),2 we are less certain about trends in developing
countries. The most plausible explanation for the reduction
in mortality in western countries is improved control of
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stroke risk factors (especially high blood pressure and
cigarette smoking) combined with a parallel improvement
in living standards.9,10 The lessons for the developing world
are obvious.
In a community-based study, the incidence of
cerebrovascular events (transient ischaemic attack [TIA]
and ischaemic stroke) was higher than that of ischaemic
heart disease or peripheral vascular disease (table 1).11
Apparent diﬀerences in reported stroke incidence might
result from methodological weaknesses in individual
studies. Even in studies of the highest quality, stroke
incidence ranges from 240 per 100 000 people in Dijon,
France (standardised to the European population aged
45–84 years), to about 600 per 100 000 people in
Novosibirsk, Russia,12 again suggesting important roles
for both environmental and genetic factors. However, for
the ﬁrst time, substantial reductions in the incidence of
stroke have been reported, although less is known about
changes in stroke severity or incidence of TIAs. For
instance—between 1989 and 1995—a 25% reduction in
stroke incidence was seen in Perth, Australia, and—
between 1981 and 2002—a 29% reduction was seen in
Oxfordshire, UK; these reductions imply that improved
risk-factor management can have a substantial eﬀect in
some societies (ﬁgure 2). By contrast, in Novosibirsk—
between 1987 and 1994—stroke incidence in people aged
35–69 years actually rose. Less attention has been paid to
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Search strategy and selection criteria
We searched Medline for English language manuscripts. We
used the search terms stroke prognosis, secondary
prevention, primary prevention, intracerebral haemorrhage,
and acute stroke therapies in combination with the term
review. We largely selected publications in the past 5 years,
but did not exclude commonly referenced and highly
regarded older publications. We also searched the reference
lists of articles identiﬁed by the search strategy and selected
those we judged relevant. Review articles are cited to provide
readers with details, and major studies or trials are cited to
support level 1 evidence.
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TOAST* (trial of Org 10 172 in acute stroke treatment)
criteria16
Large-artery atherosclerosis (embolus or thrombosis)*
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Figure 1: Age-standardised death rates from stroke per 100 000 for ages 30–69 years in selected countries,
projections for 2005
From Strong and colleagues with permission.8

stroke prevalence (ie, the burden of patients living with
the consequences of stroke), mainly because the
identiﬁcation of such individuals is a daunting task.
Typical estimates, largely drawn from knowledge of
stroke incidence and mortality, are that about 500 people
per 100 000 population live with the consequences of
stroke. Because stroke mortality is probably decreasing
more rapidly than stroke incidence, the proportion of
stroke survivors is likely to increase, which will place
increased demands on health-care and social-care
systems.
Total number* Rate† (95% CI)
Cerebrovascular events
Ischaemic stroke

550

2·01 (1·85–2·19)

41

0·15 (0·11–0·20)

Subarachnoid haemorrhage

27

0·10 (0·07–0·14)

Transient ischaemic attack

300

1·10 (0·98–1·23)

All cerebrovascular events

918

3·36 (3·14–3·58)

Sudden cardiac death

163

0·60 (0·51–0·7)

STEMI

159

0·58 (0·49–0·68)

N-STEMI

316

1·16 (1·03–1·29)

Unstable angina

218

0·80 (0·70–0·91)

All coronary vascular events

856

3·13 (2·93–3·35)

188

0·69 (0·59–0·79)

Intracerebral haemorrhage

Coronary vascular events

Peripheral vascular events
All events

Stroke incidence was greater than ischaemic heart disease or peripheral vascular
disease, which emphasised the need for greater resource allocation for the ﬁrst
and last event (modiﬁed from Rothwell and colleagues11). Vascular study
STEMI=ST-segment elevation acute myocardial infarction. N-STEMI=non-STsegment elevation acute myocardial infarction. *Number of events during 3 years.
†Number of events per 1000 population per year.

Table 1: The incidence of cerebrovascular, coronary, and peripheral
vascular events (ﬁrst and recurrent) in Oxford
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Risk factors for stroke can be broadly classiﬁed as
modiﬁable or ﬁxed. Some modiﬁable risk factors (such
as hypertension, diabetes, and smoking) are common
and aﬀect health in several ways, providing opportunities
to modify risk in large numbers of people. Other risk
factors, such as atrial ﬁbrillation and TIAs, are less
prevalent and more speciﬁc than the common risk factors
for stroke. Risk factors that have been identiﬁed explain
only about 60% of the attributable risk, whereas more
than 90% of ischaemic heart disease is explained by
identiﬁable risk factors.13,14 Investigation is needed to
identify the risk factors that account for the 40% gap,
some of which might be genetic.

Subtypes and pathophysiology
Strokes are either ischaemic or haemorrhagic. Because
the management of these subtypes is so diﬀerent, the
clinical distinction between the subtypes is one of the
most important and urgent steps in stroke management.
This distinction has been revolutionised by the
introduction of CT and MRI. Although CT has been the
workhorse of stroke diagnosis during the past 20 years,
MRI is now as useful as, if not more so than, CT.15
Further systems for stroke classiﬁcation have been
driven by the needs of both clinical trials (that have led to
the introduction of the trial of Org 10172 in acute stroke
treatment [TOAST] criteria; panel) and epidemiological
studies (that have led to the Oxfordshire community
stroke project [OCSP] classiﬁcation).16–19 The TOAST
criteria identify the most probable pathophysiological
mechanism on the basis of clinical ﬁndings and results
of investigations,16 whereas the OCSP classiﬁcation relies
exclusively on clinical ﬁndings and is therefore broadly
applicable in any number of diﬀerent settings in which
access to investigations might be restricted.19 In view of
the rapid advances made in imaging and other
investigations, TOAST criteria and OCSP classiﬁcations
will need to be updated in the near future.

Haemorrhagic stroke (intracerebral haemorrhage)
The most common mechanism is hypertensive
small-vessel disease, which causes small lipohyalinotic
www.thelancet.com Vol 370
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Ischaemic stroke and transient ischaemic attacks
About 80% of all strokes are ischaemic.25 Classiﬁcation
based on the OCSP system can be done in the emergency
room and conveys important prognostic information.
Classiﬁcation based on the TOAST system identiﬁes the
mechanism that leads to vessel occlusion (cardioembolic,
artery to artery embolism, or in-situ small-vessel [lacunar]
disease) and is important in everyday management
because such information should inﬂuence both acute
treatments and secondary prevention strategies.
The distinction between symptomatic cerebral
ischaemic events that last 24 h or less (TIAs) and events
of longer duration (stroke) is entirely arbitrary. Permanent
tissue damage can be seen with MRI in at least 25% of
patients with TIAs25,26 and some have argued that a new
deﬁnition of TIAs incorporating such imaging ﬁndings
is needed.27 We believe that the diagnosis of symptomatic
cerebral ischaemic events remains essentially clinical
and should trigger an appropriate emergency response
in the community, from primary care physicians through
to those in emergency departments. Response should be
based on the clinical features of an individual case (for
instance, the ABCD² score based on age [A], blood
pressure [B], clinical features [C], and duration of
symptoms [D], table 2), and the role of imaging is to
eliminate other causes and help to stratify the risk of
early recurrence.

Ischaemic penumbra and cascade
Once vessel occlusion has occurred, a volume of
functionally impaired, but structurally intact, tissue
surrounds the ischaemic core.28 This tissue is known as
the ischaemic penumbra and is the target for therapeutic
interventions since its salvage is associated with
neurological improvement and recovery.29 The state of
functional impairment with structural integrity has been
seen with MRI scanning in some patients up to 24 h after
www.thelancet.com Vol 370
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aneurysms that subsequently rupture.20 Whether other
contributing factors—such as haemorrhage into a
previous infarction—are important needs to be clearly
established.21 About two-thirds of patients with primary
cerebral haemorrhage have either pre-existing or newly
diagnosed hypertension.22 The remaining patients might
be seen, on more detailed investigation, to have
intracranial vascular malformations (cavernous angiomas
or arteriovenous malformations), cerebral amyloid
angiopathy, or infarcts into which secondary haemorrhage
has occurred.
Subarachnoid haemorrhage is classiﬁed as a type of
stroke, and accounts for about 5% of all strokes. Most
subarachnoid haemorrhages are caused by rupture of
saccular aneurysms within the subarachnoid space.
Perimesencephalic haemorrhages are thought to be
caused by rupture of intracranial veins; they are less
severe, have a better prognosis, and generally no
aneurysm is seen on angiography.23
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Figure 2: Trends in stroke incidence in eight ideal stroke incidence studies
Note that the trends in later decades are toward reductions in incidence in developed countries in which the eﬀect
of risk factor modiﬁcation may be becoming evident.

stroke onset; mismatch between the volume of brain
with reduced perfusion is shown on perfusion-weighted
imaging, and the volume of brain showing cellular
swelling, the ischaemic core, is shown on diﬀusion
weighted imaging (ﬁgure 3). The penumbra is seen up to
48 h after stroke onset by use of positron emission
tomography.30,31
Within the ischaemic penumbra, a cascade of
neurochemical events begins with energy depletion
followed by disruption of ion homoeostasis, release of
glutamate, calcium channel dysfunction, release of free
radicals, membrane disruption, inﬂammatory changes,
and necrotic and apoptotic cell death triggering.32 In
animal models of stroke, these cascades can be arrested
at various points, which forms the basis of neuroprotective
therapies that are discussed subsequently.33 The infarct
core contains tissue that is unsalvageable and represents
the terminal events of the ischaemic cascade.

Stroke prognosis
About a quarter of stroke patients are dead within a
month, about a third by 6 months, and a half by 1 year.34,35
Prognosis is even worse for those with intracerebral and
Feature

Points

Age 60 years or older

1

Blood pressure elevation on ﬁrst assessment
(≥140 mm Hg systolic, ≥90 mm Hg diastolic)

1

Clinical features of transient ischaemic stroke
Unilateral weakness

2

Speech impairment without weakness

1

Duration of transient ischaemic stroke
≥60 min

2

10–59 min

1

Diabetes

1

A score of 4 points or more might justify admission to hospital or urgent
evaluation, treatment, and observation since 30-day stroke risk is in the order of
5–15%. From Rothwell and colleagues.11

Table 2: ABCD² score

3

Seminar

DWI

PWI

Figure 3: MRI of the ischaemic penumbra
Mismatch between large perfusion deﬁcit seen on perfusion-weighted image
(PWI) and infarct core seen on small-diﬀusion-weighted image (DWI) represents
penumbral target for therapy. DWI/PWI mismatch is increasingly being used to
identify patients who are most likely to beneﬁt from new interventions in acute
ischaemic stroke.

A

B

Figure 4: Haematoma growth seen during 24 h from the initial presentation
at 3·5 h (left panel) to 27·5 h (right panel) in a 74-year-old man with right
hemiparesis
Haematoma growth is an independent predictor of outcome and is the target
for the haemostatic therapy recombinant factor VII in phase 3 clinical trials.

subarachnoid haemorrhage because the 1-month
mortality approaches 50%. The major cause of early
mortality is neurological deterioration with contributions
from other causes such as infections secondary to
aspiration (if not managed aggressively), but later deaths
are more commonly caused by cardiac disease or
complications of stroke.35 In the OCSP classiﬁcation, the
1-year mortality for patients with total anterior circulation
syndromes (about 60%) is substantially higher than that
for those with partial anterior circulation and posterior
circulation syndromes (about 15–20%), which in turn is
higher than that for patients with lacunar
syndromes (10%).36,37 The best predictors of stroke
recovery at 3 months are the initial neurological deﬁcit
and age; other factors include high blood glucose
concentrations, body07tl674_3
temperature, and previous stroke.38
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After TIA or minor stroke, the risk of further stroke is
substantially higher than previously thought, reaching as
high as 30% within the ﬁrst month in some subgroups.40–43
Patients at very high risk (>30%) of recurrence within
7 days can be identiﬁed on the basis of their age, blood
pressure, and the characteristics and duration of their
symptoms; simple scores have been developed, on the
basis of these factors, to predict those patients at greatest
risk who might beneﬁt most from early risk-factor
modiﬁcation (table 2).44,45 Additionally, imaging
strategies—for instance the presence of diﬀusion-weighted
image lesions on magnetic resonance scanning or of
occluded vessels on magnetic resonance angiography—
can identify patients at increased risk of recurrence.46

Acute interventions

Stroke care units (SCUs)

Remarkable advances in the management of acute stroke
seen in the past 10–15 years consist of four proven
interventions supported by level 1 evidence and various
promising interventions under investigation (table 3).
Without doubt the most substantial advance in stroke
has been the routine management of patients in SCUs,
which is eﬀective and appropriate for all stroke subtypes,
and provides a focus for professionals in stroke care.
Management of patients within a SCU reduces mortality
by about 20% and improves functional outcome by about
the same amount.47 A physical space identiﬁed as a SCU
is associated with better outcomes than seen with a
dedicated stroke team visiting patients on general
medical wards.48 Although the precise components of
SCU management responsible for the eﬀectiveness of
SCUs are unclear, improved blood pressure control, early
mobilisation, and general adherence to best practice have
been identiﬁed as some of the components.49,50 In a
community-based epidemiological study, in which all
patients eligible for possible acute stroke interventions
were considered, SCU management had the potential to
prevent death or disability for around 50 patients for
every 1000 strokes, compared with about six per 1000
with tissue plasminogen activator (tPA) and four per 1000
with aspirin.51 The mechanisms by which SCU
management improves outcomes are uncertain. However,
evidence-based advances, such as results from the
prevention of venous thromboembolism after acute
ischaemic stroke with low-molecular-weight heparin
enoxaparin (PREVAIL) trial,52 have established the
superiority of enoxaparin compared with unfractionated
low-dose heparin for prevention of deep vein thrombosis
after stroke. The widespread introduction of SCUs should
bePalette
a priority in planning health systems, especiallySpecial
in Characters
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or no neurological deﬁcit in one person is about seven or
about 18 people when avoidance of death or disability is
considered (table 3).53,54 However, these numbers relate to
treatment within 3 h of stroke onset. Because of the short
therapeutic time window, the number of patients who
might receive treatment and therefore potentially beneﬁt
is small; prevention of disability is seen in only six
patients per 1000 ischaemic strokes.51 tPA—although very
eﬀective in reducing disability—does not improve
mortality.54 Indeed, most stroke centres use tPA in only
about 5% of stroke patients.55 Even in developed countries,
many hospitals treating acute stroke do not oﬀer
thrombolysis, largely because of a worldwide shortage of
physicians who are experts in acute stroke management.
In some countries, such as the USA, reimbursement
might also be an issue.
The major adverse eﬀect of thrombolysis is symptomatic
intracerebral haemorrhage, seen in about 6–7% of cases.
This value was somewhat lower in a Europe-wide registry
(SITS-MOST), although the deﬁnition of symptomatic
haemorrhage diﬀered from that in the original trials.56
Risk of symptomatic intracerebral haemorrhage increases
with age, high blood pressure, very severe neurological
deﬁcits, severe hyperglycaemia, and, possibly, with early
ischaemic changes on CT.57,58 Data supporting an
increased risk of haemorrhage with early ischaemic
change on CT come largely from trials of therapy initiated
up to 6 h after symptom onset, and therefore might not
be relevant to therapy initiated within a 3 h time window.59
However, most, but not all, physicians regard CT evidence
of early ischaemic change that aﬀects more than a third
of the middle-cerebral-arterial territory as a
contraindication to therapy.60 One phase III trial suggested
that prourokinase given intra-arterially within 6 h of
symptom onset can improve outcome, and various
centres routinely use this approach with results similar
to those from trials of intravenously administered tPA
(although not approved by the US Food and Drug
Administration [FDA]).61,62
Because of the substantial eﬀectiveness of tPA, eﬀorts
to increase the number of patients who are eligible for
thrombolytic therapy are underway. First, some
eﬀectiveness of tPA is likely to remain beyond 3 h, and
this theory is being tested in the European cooperative
acute stroke III (ECASS III) trial and the international
stroke trial 3 (IST3).63,64 The alteplase thrombolysis for
acute noninterventional therapy in ischaemic stroke
(ATLANTIS) study, which was done before ECASS III
and IST3 studies, did not show beneﬁt in the 3–5 h
time window.65 Second, stroke-to-hospital times are
reduced by identiﬁcation of factors associated with
delay, such as failure to immediately call an ambulance.66
Third, door-to-needle times are reduced by the use of
eﬃcient triage pathways.67 Finally, the time window for
therapy can be extended in individual patients by
detection of persistent ischaemic penumbra, for
instance, by use of MRI.68
www.thelancet.com Vol 370

Aspirin
Evidence from about 40 000 randomised patients shows
that the administration of oral aspirin within 48 h of
onset of ischaemic stroke reduces 14-day morbidity and
mortality.69,70 However, the beneﬁt is quite small, with
only about nine patients saved from death or disability
per 1000 treated, and prevention of death or disability is
seen in only four per 1000 ischaemic strokes after
exclusion factors are taken into account.51 The advantages
of aspirin use are low cost, ease of administration, and
low toxic eﬀects, leading to widespread early use.51 The
eﬀectiveness of aspirin probably stems from early
secondary prevention, but penumbral salvage is also
possible.71

Decompressive surgery for ischaemic stroke
Hemispheric decompression in young patients with
malignant middle-cerebral-artery-territory infarction and
space-occupying brain oedema is supported by evidence.
I Initial or important study, year

RRR (95% CI)

ARR

NNT1

Acute stroke
Proven
Stroke unit47

Langhorne and colleagues, 1993

6·5%

3·8%

Thrombolysis (tPA)53

NINDS, 1995

9·8%

5·5%

26
18

Aspirin70

IST, 1997

2·6%

1·2%

83

Decompressive surgery for IS75

Vahedi and colleagues, 2007

48·8%

23·%

4*

Recombinant factor VII ICH77

Mayer and colleagues, 2005

··

··

··

Surgery for ICH78

Mendelow and colleagues, 200585

··

··

··

Extending time window for
thrombolysis80

DIAS, 2005

··

··

··

Sonothrombolysis84

Alexandrov and colleagues, 2004

··

··

··

Thrombectomy86

MERCI, 2005

··

··

··

Blood pressure lowering93

ENOS, 2007

··

··

··

Neuroprotection99

SAINT, 2006

··

··

··

Under investigation

Secondary prevention
Proven
Aspirin115

Canadian Co-op Study Group, 1978

13·0%

1·0%

Aspirin plus dipyridamole126

Diener, 1996

15·0%

1·9%

100
53

Clopidogrel120

CAPRIE, 1996

10·0%

1·6%

62

Anticoagulants132

EAFT, 1993

66·0%

8·0%

11

Carotid endarterectomy118,119

NASCET, 1991, ECST 1991

44·0%

3·8%

26

Blood pressure lowering122

PROGRESS, 2001

28·0%

4·0%

97†

Cholesterol lowering123

SPARCL, 2006

16·0%

2·2%

220†

Under investigation
Angioplasty157

Yadavand colleagues, 2004

··

··

··

Thrombin inhibitors147

SPORTIF, 2003

··

··

··

The number needed to treat (NNT1) to prevent one stroke patient dying or becoming dependent (acute stroke) or to
prevent one fatal or non-fatal stroke (secondary prevention) per year are given. All values are approximate and derived
from previous analyses, Cochrane database, or individual trials if these are the only data available.153–56 RRR=relative risk
reduction. ARR=absolute risk reduction. tPA=tissue plasminogen activator. IS=ischaemic stroke. *Number needed to
treat for survival with modiﬁed Rankin scale ≤3. ICH=intracerebral haemorrhage. †Calculations based on mean follow
up of 3·9 years in PROGRESS (NNT3·9=25) and median 4·9 years in SPARCL (NNT4·9=45).

Table 3: Acute interventions and secondary prevention strategies of proven beneﬁt based on level I
evidence
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This combination occurs in about 1–10% of patients with
supratentorial hemispheric infarcts and might arise
between 2 and 5 days after stroke.72 The natural history of
ischaemic stroke is poor, with about 80% mortality rates
usually reported.73 Identiﬁcation of early predictors of
fatal brain oedema has been diﬃcult, although early CT
hypodensity of more than 50% of the supratentorial
hemisphere has been consistently noted.74 Evidence for
eﬀectiveness of decompressive surgery comes from a
prospective individual-patient meta-analysis of three
randomised control trials.75 These trials were
hemicraniectomy after middle cerebral artery infarction
with life-threatening edema trial (HAMLET; interval to
treatment up to 99 h), decompressive craniectomy in
malignant middle cerebral artery infarction (DECIMAL;
interval to treatment up to 30 h), and decompressive
surgery for the treatment of malignant Infarction of the
middle cerebral artery (DESTINY; interval to treatment
up to 36 h).75 For the purposes of the individual-patient
analysis, a cutoﬀ time to surgery of 48 h was adopted;
other inclusion and exclusion criteria of the three trials
were largely similar.
In the pooled analysis of 93 patients, more patients in
the decompressive surgery group than in the control
group had a modiﬁed Rankin scale (mRS) of 4 or less
(75% vs 24%; pooled absolute risk reduction 51% [95% CI
34–69%]), an mRS of 3 or less (43% vs 21%; 23% [5–41%]),
and survived (78% vs 29%; 50% [33–67%]); NNT was two
patients for survival with an mRS of 4 or less, four for
survival with an mRS of 3 or less, and two for survival
irrespective of functional outcome.75 The eﬀect of surgery
was highly consistent across the three trials. Although
decompressive surgery is appropriate for only a very small
proportion of patients who present with ischaemic stroke,
the beneﬁts of surgery have now been so clearly established
that it should form part of routine clinical practice.

Interventions under evaluation
Various interventions that are presently under
investigation in phase II proof-of-concept trials show
great promise—ie, recombinant factor VII for acute
intracerebral haemorrhage, surgery for intracerebral
haemorrhage, extension of the time window for
thrombolysis, sonothrombolysis (combination of
ultrasound and thrombolysis), thrombectomy devices,
blood pressure reduction, and neuroprotection.
Haematoma growth within the ﬁrst few hours of stroke
onset is a key independent prognostic factor for poor
clinical outcome.39,76 Recombinant factor VII, which is
usually given to patients with haemophilia or to reduce
haemorrhagic complications of major surgical procedures
(such as, for example, prostatectomy) was shown to
attenuate haematoma growth, with secondary clinical
beneﬁts, in a phase II trial.77 The ﬁndings of a phase III
study were negative for the primary endpoint and
functional outcome, although attenuation of haematoma
growth was conﬁrmed (not yet published).
6

The surgical trial in intracerebral haemorrhage
(STICH) trial provided little support for early surgical
drainage of haematomas after primary haemorrhage.78
Purpose of the STICH II trial was to investigate the
eﬃcacy of surgery in patients with lobar haemorrhage
because uncertainty remains about how to treat these
patients.78 Posterior-fossa decompressive surgery is
generally done to avoid clinical deterioration and death
when cerebellar haematoma or infarction causes
brainstem compression or raised intracranial pressure,
or both, with obstruction of cerebrospinal-ﬂuid ﬂow.37
Various trials are investigating extension of the time
window for thrombolysis: (1) standard tPA therapy with
expanded entry criteria with therapeutic time windows of
up to 6 h; (2) imaging techniques to assess the presence
of penumbra with time windows of up to 6 h or even 9 h;
(3) use of alternative thrombolytic agents such as
desmoteplase; (4) combined (bridging) approach with
intravenous therapy followed by intra-arterial therapy;79–82
and (5) combination therapies using, for example,
glycoprotein (GP) IIb/IIIa antagonists with tPA, tested
with time windows of up to 24 h (ReoPro Retavase
Reperfusion of Stroke Safety Study—Imaging Evaluation
[ROSIE]).83
Low-frequency
ultrasound—might
enhance
thrombolysis by mobilisation of endogenous tPA, which
increases the surface area that is available to exogenous
tPA and causes mechanical disruption of the clot. Results
of a phase II trial in which patients received transcranial
Doppler ultrasound (with a 2 MHz probe focused on the
symptomatic middle-cerebral artery) and intravenous
tPA showed improved recanalisation rates and a trend
towards better functional outcomes;84 a phase III trial is
about to begin. A similar phase II trial of sonothrombolysis
(with a 5 MHz probe) led to unacceptably high
intracerebral haemorrhage rates.85
Thrombectomy devices are mechanical devices that
have been developed to allow the direct removal of a
blood clot from major vessels such as middle-cerebral or
basilar arteries. The device that has received the most
attention is the mechanical embolus removal in cerebral
ischemia (MERCI) retrieval catheter (Concentric Medical,
Mountain View, CA, USA) which has a corkscrew shape.
In a phase II trial, investigators showed that this catheter
could be used to remove the clot in a timely fashion with
a complication rate similar to that seen with intravenous
tPA.86 Subsequently, the FDA approved the device for clot
removal, but not as a stroke therapy, an action which
evoked some controversy among stroke physicians who
were accustomed to the rigorous regulatory requirements
for pharmaceutical agents.87,88 Various other devices have
been developed, but are less well studied.89
Uncertainty exists about how to manage high blood
pressure in the early stages of stroke.90 About 70% of
patients with ischaemic stroke have high blood pressure
at onset, which might improve with bed rest.91 Concern
about perfusion pressure reduction to the critically
www.thelancet.com Vol 370
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vulnerable ischaemic penumbra has led to the practice of
non-intervention unless systolic blood pressure is greater
than 200 mm Hg or diastolic blood pressure is greater
than 120 mm Hg. A similarly conservative approach
holds for treatment of primary intracerebral haemorrhage,
although the recorded blood pressure is generally higher
than for ischaemic stroke, and some guidelines suggest
aggressive blood pressure control.92
Improved evidence for the optimum management of
blood pressure after stroke should come from trials that
are presently in progress: the eﬃcacy of nitric oxide in
stroke (ENOS) trial for the study of blood pressure
reduction with a nitroglycerin patch in patients with
ischaemic or haemorrhagic stroke93 and the intensive
blood pressure reduction in acute cerebral haemorrhage
(INTERACT) trial for the study of intravenous blood
pressure reduction in patients with haemorrhagic
stroke.94 Evidence to support the view that the risk of
delayed cerebral ischaemia in patients with subarachnoid
haemorrhage is reduced by the maintenance of blood
pressure and blood volume (triple-H therapy) is
insuﬃcient.95
Use of drugs that interfere with the pathophysiological
cascades that cause much of the brain injury in stroke is
an appealing idea because of the potential for low-toxic
eﬀects, ease of administration, and for early
administration in an ambulance setting. However,
translation of therapeutic interventions from animal
models to clinical practice is very diﬃcult,96,97 despite the
biological plausibility of attenuation of the ischaemic
cascade and substantial evidence that various classes of
neuroprotectants reduce infarct volumes and improve
neurological outcomes in models of focal cerebral
ischaemia.32,88 The spin trap agent disufenton sodium
(NXY-059), for which there was substantial evidence for
eﬀectiveness in animals,98 showed a modest reduction in
disability in a phase III study (stroke-acute ischemic
NXY-059 treatment [SAINT] I) of about 1700 patients;99
however, a second study (SAINT II)100 with a sample size
larger than 1700 patients showed no eﬃcacy, suggesting
that SAINT I was falsely positive.
Repeated failures of translational research in
neuroprotection show the need for a new approach based
on a consensus of opinions of academic and industry
leaders.88 Evidence that neuroprotectants work in human
brain tissue is absent. Any continued translational research
in neuroprotection should include a rigorous experimental
technique in animals, and should then conﬁrm
neuroprotection in cell cultures of human brain tissue or
brain slices exposed to the eﬀects of hypoxia or glucose
deprivation, or both.101 The next logical step would be to
show that the putative neuroprotectants reach their
therapeutic target—ie, the ischaemic penumbra—with
PET or single-photon-emission CT.102 A proof-of-principle
approach, perhaps with a preloading dose of
neuroprotectant in high-risk patients (such as early after
TIA or minor stroke, or those undergoing cardiac surgery,
www.thelancet.com Vol 370

carotid endarterectomy, or angioplasty), would provide
reassurance that the compound was eﬀective in people.44,103,104
Phase II trials to study treatment eﬀects on ischaemic
lesion formation should only begin after identiﬁcation of a
proof-of-principle approach and should include patients
with penumbra conﬁrmed by use of imaging techniques,
and then phase III trials with a clinical endpoint should be
done.105,106

Prevention

Primary prevention
The steadily reducing mortality from stroke is largely
attributable to improved control of risk factors,107
especially for hypertension, in which waves of
blood-pressure-lowering agents, each more eﬀective than
the previous one, have permeated western societies from
the 1950s onward.108 Modiﬁcation of other risk factors
such as socioeconomic status, cholesterol, diabetes, atrial
ﬁbrillation, and reduction in smoking rates might also
have had some eﬀect.10,109 Level I evidence for the
treatment of hypertension in patients without previous
stroke or TIA suggests the use of warfarin for patients
with atrial ﬁbrillation, lipid reduction with statins in
patients with pre-existing ischaemic heart disease, and
use of aspirin in women 45 years or older but not men.110–114
Implementation of stroke prevention strategies is
urgently needed in developing countries because these
countries account for about two-thirds of nearly 5 million
stroke-induced deaths per year.1

Secondary prevention
The prevention of recurrent stroke has been one of the
major therapeutic advances in stroke management in the
past 30 years. In 1977, there was no proven secondary
prevention strategy for stroke. Aspirin was introduced
in 1978,115 aspirin plus dipyridamole in 1987,116 warfarin
for patients with atrial ﬁbrillation in 1993,117 carotid
endarterectomy for symptomatic carotid-artery stenosis
of greater than 70% in 1991,118,119 clopidogrel in 1996,120
blood pressure reduction with perindopril and
indapamide or ramipril in 2001,121,122 and cholesterol
reduction with atorvastatin in 2006.123 Hence, a formidable
array of secondary prevention strategies is now available,
with most patients qualifying for at least one, and many
for up to three or more interventions at hospital
discharge.

Antiplatelet agents
The various antiplatelet agents assessed in clinical trials
for secondary stroke prevention provide about 22%
(SE 4%) reduction in relative risk (RR)of further vascular
events.124 For patients with TIA or minor stroke, the RR
reduction with aspirin alone (at any dose) might be as
low as 13% (95% CI 4·0–21·0%), but this protection is
almost doubled by the addition of extended-release
dipyridamole.125–127 Clopidogrel monotherapy is slightly
better than aspirin monotherapy (RR reduction 8·7%,
7
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95% CI 0·3–16·5%) and possibly more eﬀective than
aspirin against vascular disease aﬀecting the heart and
the peripheral circulation; however, the absolute
improvement in outcome is small and needs 108 patients
to be treated in 2 years to prevent one major vascular
event (stroke, myocardial infarction, or vascular death).120
A reasonable consideration is combination treatment
with aspirin plus extended-release dipyridamole as the
standard treatment, with clopidogrel used when there is
aspirin allergy or concurrent symptomatic coronary
artery disease, and aspirin monotherapy used when cost
considerations are paramount. Combination treatment
with aspirin plus clopidogrel is associated with increased
risk of major bleeding that is not oﬀset, at least in
unselected patients, by improved eﬀectiveness.128,129
Treatment with GPIIb/IIIa antagonists is associated with
increased mortality.130 A ceiling eﬀect to the beneﬁcial
eﬀects of platelet inhibition might exist, beyond which
adverse eﬀects, predominantly major haemorrhage,
oﬀset any additional eﬀectiveness.128–131
Warfarin remains one of the most biologically eﬀective
secondary prevention strategies for patients with atrial
ﬁbrillation and reduces RR of recurrent stroke in patients
with TIA or minor stroke by about 70% (hazard ratio 0·34,
95% CI 0·20–0·57%).132 This eﬀect of warfarin is partly
oﬀset by a small risk of major bleeding, especially
intracerebral haemorrhage (0·3–0·6% per year), which
rises with age, high blood pressure, use of warfarin in
combination with antiplatelet agents, and increasing
intensity of anticoagulation.133 Evidence suggests that the
combination of warfarin and aspirin might also be
associated with an increased risk of bleeding without
evidence of beneﬁt.134 In patients without atrial ﬁbrillation,
presenting with TIA or minor stroke, warfarin is not
better than aspirin as a secondary prevention agent.135

evidence of a direct association between blood pressure
and stroke recurrence led to trials of blood pressure
reduction in unselected patients (ie, including those
without hypertension) following TIA or minor stroke.138,139
Results of the Perindopril Protection Against Recurrent
Stroke Study (PROGRESS), which tested perindopril and
indapamide, showed a reduction in recurrent stroke of
around 30% during 5 years that was independent of
baseline blood pressure.122 This eﬀect was broadly similar
to that seen for ramipril in the Heart Outcomes
Prevention Evaluation (HOPE) study in a subset of
patients with cerebral vascular disease.121,140
Although cholesterol is a weak risk factor for ischaemic
stroke, evidence suggests that both fatal and non-fatal
stroke is reduced in patients with coronary artery disease
who are given statins.139,141,142 This eﬀect seems to be
independent of the baseline cholesterol concentration,
which raises the possibility that eﬃcacy might be caused
by anti-inﬂammatory, rheological-plaque-stabilising or
neuroprotective attributes of statins.142 The heart
protection study (HPS)143 showed that treatment with
simvastatin (40 mg) in patients with TIA or stroke led to
reductions in the risk of cardiac events but not of
recurrent stroke. The stroke prevention by aggressive
reduction in cholesterol levels (SPARCL)123 study showed
that intensive cholesterol reduction (atorvastatin 80 mg)
in patients with TIA or minor stroke and no history of
ischaemic heart disease reduced the risk of both fatal and
non-fatal stroke.
Surgical clipping of intracerebral aneurysms has been
an established practice for the avoidance of recurrent
haemorrhage after subarachnoid haemorrhage.23
Endovascular approaches (coiling) have been compared
with surgery, and have been shown to have improved
clinical outcomes at 1 year and reduced complication
rates at the expense of a small increase in the risk of late
rebleeding.144

Carotid endarterectomy

Treatments under investigation

In patients with TIA or minor stroke who have at
least 70% stenosis of the symptomatic carotid artery,
carotid endarterectomy is an eﬀective secondary
prevention strategy.118,119 Relative reduction in the risk of
ipsilateral fatal or non-fatal stroke is about 60% during
3 years,136 which should be balanced with a surgical risk
of stroke or death, in expert hands, of around 5%.103
Importantly, the interval between TIA or stroke and
endarterectomy is inversely proportional to the beneﬁt,
with uncertainty as to whether any beneﬁt remains
beyond 12 weeks.103
A relative reduction in the risk of stroke or death is also
seen in patients with asymptomatic carotid stenosis.137
However, because the absolute risk in these patients is
low, the absolute beneﬁt is only 1% per year, set against
an operative risk in patients with asymptomatic carotid
stenosis of around 3%; the clinical usefulness of carotid
endarterectomy is not clear. The strong epidemiological

Carotid angioplasty with stenting, which is now generally
combined with distal protection devices, is a minimally
invasive procedure that will probably replace carotid
endarterectomy as the treatment of choice in most
patients. Initial trials suggested that the perioperative
risks associated with the procedure are similar to carotid
endarterectomy,145,146 but the risks might be increased in
less skilled hands;104 further randomised controlled trials
are underway to explore the procedural risks and
long-term eﬀectiveness of stenting. In view of the
complexities of warfarin use, simpler and safer
alternatives would provide a major advance in stroke
treatment. The direct-thrombin inhibitor ximelagatran
showed promise in early trials, but resulted in an
unacceptably high frequency of liver enzyme
abnormalities (about 6%);147 other direct-thrombin
inhibitors are being developed. Prevention of stroke
recurrence by modiﬁcation of risk factors such as blood

Anticoagulants
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sugar reduction in diabetics,148 smoking cessation,
reduced alcohol consumption (although moderate
consumption can be protective), or increased exercise is
not substantiated by evidence from clinical trials.
However, on the basis of observational studies, which
show many potential beneﬁts, modest costs, and small
risks of adverse eﬀects, patients should be advised to stop
smoking, to drink in moderation, to eat a well-balanced
diet, and to exercise regularly.149–152
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Conclusions
Although there have been advances in our understanding
of the epidemiology and pathophysiology of stroke during
the past decade, the most striking changes have been in
the increasing array of therapeutic interventions. The
greatest advance is the recognition that SCU management
reduces mortality and improves clinical outcomes. The
importance of this ﬁnding is emphasised as networks of
SCUs become established across many countries and
form a framework for the propagation of knowledge of
stroke management. Much of the translational research
described in this seminar has taken place within such
frameworks. However, despite the advances in
management, stroke continues to pose major therapeutic
challenges, both to neuroscientists and to clinicians,
partly because of the low priority accorded to stroke
research.
Eﬀective introduction of many therapeutic strategies
for stroke has served, paradoxically, to highlight a
worldwide shortage of health-care professionals who are
able to facilitate implementation of the strategies. This
imbalance, especially in the developing world where the
health-care burden during the coming decades is likely to
be most keenly felt, needs to be urgently addressed.
Conﬂict of interest statement
We declare that we have no conﬂict of interest.
References
1
Murray CJ, Lopez AD. Mortality by cause for eight regions of the
world: Global Burden of Disease Study. Lancet 1997; 349: 1269–76.
2
Bonita R. Epidemiology of stroke. Lancet 1992; 339: 342–4.
3
Murray CJ, Lopez AD. Global mortality, disability, and the
contribution of risk factors: Global Burden of Disease Study. Lancet
1997; 349: 1436–42.
4
Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJ. Global
and regional burden of disease and risk factors, 2001: systematic
analysis of population health data. Lancet 2006; 367: 1747–57.
5
American Heart Association. Heart and Stroke Facts Statistics:
Dallas: American Heart Association, 1997.
6
Dewey HM, Thrift AG, Mihalopoulos C, et al. Cost of stroke in
Australia from a societal perspective: results from the North East
Melbourne Stroke Incidence Study (NEMESIS). Stroke 2001;
32: 2409–16.
7
Rothwell PM. The high cost of not funding stroke research: a
comparison with heart disease and cancer. Lancet 2001; 357: 1612–16.
8
Strong K, Mathers C, Bonita R. Preventing stroke: saving lives
around the world. Lancet Neurol. 2007; 6: 182–87.
9
Bonita R, Beaglehole R. Increased treatment of hypertension does
not explain the decline in stroke mortality in the United States,
1970–1980. Hypertension 1989; 13: 169–73.
10 Thrift AG, Dewey HM, Sturm JW, et al. Greater incidence of both
fatal and nonfatal strokes in disadvantaged areas: the Northeast
Melbourne Stroke Incidence Study. Stroke 2006; 37: 877–82.

www.thelancet.com Vol 370

16

17

18
19
20
21
22
23
24

25
26
27
28
29

30
31
32
33
34
35
36

Rothwell PM, Coull AJ, Silver LE, et al. Population-based study of
event-rate, incidence, case fatality, and mortality for all acute vascular
events in all arterial territories (Oxford Vascular Study). Lancet 2005;
366: 1773–83.
Sudlow CL, Warlow CP. Comparing stroke incidence worldwide: what
makes studies comparable? Stroke 1996; 27: 550–58.
Whisnant JP. Modeling of risk factors for ischemic stroke. The Willis
lecture. Stroke 1997; 28: 1840–44.
Yusuf S, Hawken S, Ounpuu S, et al. Eﬀect of potentially modiﬁable
risk factors associated with myocardial infarction in 52 countries (the
INTERHEART study): case-control study. Lancet 2004; 364: 937–52.
Fiebach JB, Schellinger PD, Jansen O, et al. CT and diﬀusion-weighted
MR imaging in randomized order: diﬀusion-weighted imaging results
in higher accuracy and lower interrater variability in the diagnosis of
hyperacute ischemic stroke. Stroke 2002; 33: 2206–10.
Adams HP Jr, Bendixen BH, Kappelle LJ, et al. Classiﬁcation of
subtype of acute ischemic stroke. Deﬁnitions for use in a multicenter
clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment.
Stroke 1993; 24: 35–41.
Dewey H, Macdonell R, Donnan G, Freeman E, Thrift A, Sharples C.
Inter-rater reliability of stroke sub-type classiﬁcation by neurologists
and nurses within a community-based stroke incidence study.
J Clin Neurosci 2001; 8: 14–7.
Wardlaw JM, Dennis MS, Lindley RI, Sellar RJ, Warlow CP. The
validity of a simple clinical classiﬁcation of acute ischaemic stroke.
J Neurol 1996; 243: 274–79.
Bamford J, Sandercock P, Dennis M, Burn J, Warlow C. Classiﬁcation
and natural history of clinically identiﬁable subtypes of cerebral
infarction. Lancet 1991; 337: 1521–26.
Auer RN, Sutherland GR. Primary intracerebral hemorrhage:
pathophysiology. Can J Neurol Sci 2005; 32: S3–12.
Mead GE, Wardlaw JM, Dennis MS, Lewis SC. Extensive haemorrhagic
transformation of infarct: might it be an important cause of primary
intracerebral haemorrhage? Age Ageing 2002; 31: 429–33.
Thrift AG, Donnan GA, McNeil JJ. Epidemiology of intracerebral
hemorrhage. Epidemiol Rev 1995; 17: 361–81.
van Gijn J, Rinkel GJ. Subarachnoid haemorrhage: diagnosis, causes
and management. Brain 2001; 124: 249–78.
Thrift AG, Dewey HM, Macdonell RA, McNeil JJ, Donnan GA.
Incidence of the major stroke subtypes: initial ﬁndings from the North
East Melbourne stroke incidence study (NEMESIS). Stroke 2001;
32: 1732–38.
Bogousslavsky J, Regli F. Cerebral infarction with transient signs
(CITS): do TIAs correspond to small deep infarcts in internal carotid
artery occlusion? Stroke 1984; 15: 536–39.
Kidwell C, Alger JR, Di Salle F, et al. Diﬀusion MRI in patients with
transient ischemic attacks. Stroke 1999; 30: 1174–80.
Albers GW, Caplan LR, Easton JD, et al. Transient ischemic attack—
proposal for a new deﬁnition. N Engl J Med 2002; 347: 1713–16.
Fisher M, Garcia JH. Evolving stroke and the ischemic penumbra.
Neurology 1996; 47: 884–88.
Donnan G, Baron J, Davis S, Sharp F. The ischemic penumbra:
overview, deﬁnition, and criteria. In: Donnan G, Baron J, Davis S,
Sharp F, eds. The ischemic penumbra: pathophysiology, imaging and
therapy. New York: Informa Healthcare, 2007: 7–20.
Markus R, Reutens DC, Kazui S, et al. Hypoxic tissue in ischaemic
stroke: persistence and clinical consequences of spontaneous survival.
Brain 2004; 127: 1427–36.
Heiss WD, Huber M, Fink GR, et al. Progressive derangement of
periinfarct viable tissue in ischemic stroke. J Cereb Blood Flow Metab
1992; 12: 193–203.
Dirnagl U, Iadecola C, Moskowitz MA. Pathobiology of ischaemic
stroke: an integrated view. Trends Neurosci 1999; 22: 391–97.
Fisher M. The ischemic penumbra: identiﬁcation, evolution and
treatment concepts. Cerebrovasc Dis 2004; 17: 1–6.
Hankey GJ, Jamrozik K, Broadhurst RJ, et al. Long-term risk of ﬁrst
recurrent stroke in the Perth Community Stroke Study. Stroke 1998;
29: 2491–500.
Hankey GJ, Jamrozik K, Broadhurst RJ, et al. Five-year survival after
ﬁrst-ever stroke and related prognostic factors in the Perth Community
Stroke Study. Stroke 2000; 31: 2080–86.
Norrving B. Long-term prognosis after lacunar infarction.
Lancet Neurol 2003; 2: 238–45.

9

Seminar

37
38
39
40
41
42
43

44
45
46
47
48
49
50
51

52

53
54
55
56

57

58

59

10

Warlow CP DM, van Gijn J, Hankey GJ, Sandercock PAG,
Bamford JM, Wardlaw JM. Stroke. A practical guide to
management. Oxford: Blackwell Science, 2001.
Weimar C, Ziegler A, Konig IR, Diener HC. Predicting functional
outcome and survival after acute ischemic stroke. J Neurol 2002;
249: 888–95.
Davis SM, Broderick J, Hennerici M, et al. Hematoma growth is a
determinant of mortality and poor outcome after intracerebral
hemorrhage. Neurology 2006; 66: 1175–81.
Donnan G, O’Malley H, Quang L, Hurley S. The Capsular Warning
Syndrome: The high risk of early stroke. Cerebrovasc Dis 1996;
6: 202–07.
Donnan GA, O’Malley HM, Quang L, Hurley S, Bladin PF. The
capsular warning syndrome: pathogenesis and clinical features.
Neurology 1993; 43: 957–62.
Johnston SC, Gress DR, Browner WS, Sidney S. Short-term
prognosis after emergency department diagnosis of TIA. JAMA
2000; 284: 2901–06.
Coull AJ, Lovett JK, Rothwell PM. Population based study of early
risk of stroke after transient ischaemic attack or minor stroke:
implications for public education and organisation of services. BMJ
2004; 328: 326.
Johnston SC, Rothwell PM, Nguyen-Huynh MN, et al. Validation
and reﬁnement of scores to predict very early stroke risk after
transient ischaemic attack. Lancet 2007; 369: 283–92.
Rothwell PM, Buchan A, Johnston SC. Recent advances in
management of transient ischaemic attacks and minor ischaemic
strokes. Lancet Neurol 2006; 5: 323–31.
Coutts SB, Simon JE, Eliasziw M, et al. Triaging transient ischemic
attack and minor stroke patients using acute magnetic resonance
imaging. Ann Neurol 2005; 57: 848–54.
Langhorne P, Williams BO, Gilchrist W, Howie K. Do stroke units
save lives? Lancet 1993; 342: 395–98.
Langhorne P, Dey P, Woodman M, et al. Is stroke unit care portable?
A systematic review of the clinical trials. Age Ageing 2005;
34: 324–30.
Indredavik B, Bakke F, Slordahl SA, Rokseth R, Haheim LL.
Treatment in a combined acute and rehabilitation stroke unit:
which aspects are most important? Stroke 1999; 30: 917–23.
Cadilhac DA, Ibrahim J, Pearce DC, et al. Multicenter comparison
of processes of care between Stroke Units and conventional care
wards in Australia. Stroke 2004; 35: 1035–40.
Gilligan AK, Thrift AG, Sturm JW, Dewey HM, Macdonell RA,
Donnan GA. Stroke units, tissue plasminogen activator, aspirin and
neuroprotection: which stroke intervention could provide the
greatest community beneﬁt? Cerebrovasc Dis 2005; 20: 239–44.
Sherman DG, Albers GW, Bladin C, et al. The eﬃcacy and safety of
enoxaparin versus unfractionated heparin for the prevention of
venous thromboembolism after acute ischaemic stroke (PREVAIL
study): an open-label randomised comparison. Lancet 2007;
369: 1347–55.
The National Institute of Neurological Disorders and Stroke rt-PA
Stroke Study Group. Tissue plasminogen activator for acute
ischemic stroke. N Engl J Med 1995; 333: 1581–87.
Hacke W, Donnan G, Fieschi C, et al. Association of outcome with
early stroke treatment: pooled analysis of ATLANTIS, ECASS, and
NINDS rt-PA stroke trials. Lancet 2004; 363: 768–74.
Prioritizing interventions to improve rates of thrombolysis for
ischemic stroke. Neurology 2005; 64: 654–59.
Wahlgren N, Ahmed N, Davalos A, et al. Thrombolysis with
alteplase for acute ischaemic stroke in the Safe Implementation of
Thrombolysis in Stroke-Monitoring Study (SITS-MOST): an
observational study. Lancet 2007; 369: 275–82.
Larrue V, von Kummer R, del Zoppo G, Bluhmki E. Hemorrhagic
transformation in acute ischemic stroke. Potential contributing
factors in the European Cooperative Acute Stroke Study. Stroke 1997;
28: 957–60.
Fiorelli M, Bastianello S, von Kummer R, et al. Hemorrhagic
transformation within 36 hours of a cerebral infarct: relationships
with early clinical deterioration and 3-month outcome in the
European Cooperative Acute Stroke Study I (ECASS I) cohort.
Stroke 1999; 30: 2280–84.
Donnan GA, Davis SM. Controversy: the essence of medical debate.
Stroke 2003; 34: 372–73.

60

61

62
63
64

65

66
67
68
69

70

71
72
73
74
75

76
77
78

79
80

Barber PA, Demchuk AM, Zhang J, Buchan AM. Validity and
reliability of a quantitative computed tomography score in
predicting outcome of hyperacute stroke before thrombolytic
therapy. ASPECTS Study Group. Alberta Stroke Programme Early
CT Score. Lancet 2000; 355: 1670–74.
Furlan A, Higashida R, Wechsler L, et al. Intra-arterial prourokinase
for acute ischemic stroke. The PROACT II study: a randomized
controlled trial. Prolyse in Acute Cerebral Thromboembolism.
JAMA 1999; 282: 2003–11.
Nedeltchev K, Fischer U, Arnold M, et al. Long-term eﬀect of
intra-arterial thrombolysis in stroke. Stroke 2006; 37: 3002–07.
Whiteley W, Lindley R, Wardlaw J, Sandercock P, on behalf of the
IST-3 Collaborative Group. 3rd International Stroke Trial.
Int J Stroke 2006; 1: 172–76.
Stroke Trials Registry. ECASS-III: placebo controlled trial of
alteplase (rt-PA) in acute ischemic hemispheric stroke where
thrombolysis is initiated between 3 and 4 hours after stroke onset.
http://www.strokecenter.org/trials/TrialDetail.
aspx?tid=475.[A: please provide date you last accessed this site]
Clark WM, Wissman S, Albers GW, Jhamandas JH, Madden KP,
Hamilton S. Recombinant tissue-type plasminogen activator
(Alteplase) for ischemic stroke 3 to 5 hours after symptom onset.
The ATLANTIS Study: a randomized controlled trial. Alteplase
Thrombolysis for Acute Noninterventional Therapy in Ischemic
Stroke. JAMA 1999; 282: 2019–26.
Agyeman O, Nedeltchev K, Arnold M, et al. Time to admission in
acute ischemic stroke and transient ischemic attack. Stroke 2006;
37: 963–66.
Mehdiratta M, Woolfenden AR, Chapman KM, et al. Reduction in
IV t-PA door to needle times using an Acute Stroke Triage Pathway.
Can J Neurol Sci 2006; 33: 214–16.
Donnan GA, Davis SM. Neuroimaging, the ischaemic penumbra,
and selection of patients for acute stroke therapy. Lancet Neurol
2002; 1: 417–25.
CAST (Chinese Acute Stroke Trial) Collaborative Group. CAST:
randomised placebo-controlled trial of early aspirin use in
20 000 patients with acute ischaemic stroke. Lancet 1997;
349: 1641–49.
The International Stroke Trial (IST): a randomised trial of aspirin,
subcutaneous heparin, both, or neither among 19 435 patients with
acute ischaemic stroke. International Stroke Trial Collaborative
Group. Lancet 1997; 349: 1569–81.
De Cristobal J, Moro MA, Davalos A, et al. Neuroprotective eﬀect of
aspirin by inhibition of glutamate release after permanent focal
cerebral ischaemia in rats. J Neurochem 2001; 79: 456–59.
Frank JI. Large hemispheric infarction, deterioration, and
intracranial pressure. Neurology 1995; 45: 1286–90.
Hacke W, Schwab S, Horn M, Spranger M, De Georgia M,
von Kummer R. ‘Malignant’ middle cerebral artery territory infarction:
clinical course and prognostic signs. Arch Neurol 1996; 53: 309–15.
Kasner SE, Demchuk AM, Berrouschot J, et al. Predictors of fatal
brain edema in massive hemispheric ischemic stroke. Stroke 2001;
32: 2117–23.
Vahedi K, Hofmeijer J, Juettler E, et al. Early decompressive surgery
in malignant infarction of the middle cerebral artery: a pooled
analysis of three randomised controlled trials. Lancet Neurol 2007;
6: 215–22.
Brott T, Broderick J, Kothari R, et al. Early hemorrhage growth in
patients with intracerebral hemorrhage. Stroke 1997; 28: 1–5.
Mayer SA, Brun NC, Begtrup K, et al. Recombinant activated factor
VII for acute intracerebral hemorrhage. N Engl J Med 2005;
352: 777–85.
Mendelow AD, Gregson BA, Fernandes HM, et al. Early surgery
versus initial conservative treatment in patients with spontaneous
supratentorial intracerebral haematomas in the International
Surgical Trial in Intracerebral Haemorrhage (STICH): a
randomised trial. Lancet 2005; 365: 387–97.
Whiteley W, Lindley R, Wardlaw J, Sandercock P, on behalf of the
IST-3 Collaborative Group. Third International Stroke Trial.
Int J Stroke 2006; 3: 172–76.
Hacke W, Albers G, Al-Rawi Y, et al. The Desmoteplase in Acute
Ischemic Stroke Trial (DIAS): a phase II MRI-based 9-hour window
acute stroke thrombolysis trial with intravenous desmoteplase.
Stroke 2005; 36: 66–73.

www.thelancet.com Vol 370

Seminar

81

Combined intravenous and intra-arterial recanalization for acute
ischemic stroke: the Interventional Management of Stroke Study.
Stroke 2004; 35: 904–11.
82 Furlan AJ, Eyding D, Albers GW, et al. Dose Escalation of
Desmoteplase for Acute Ischemic Stroke (DEDAS): evidence of
safety and eﬃcacy 3 to 9 hours after stroke onset. Stroke 2006;
37: 1227–31.
83 Stroke Trials Registry. ReoPro Retavase Reperfusion of Stroke Safety
Study — Imaging Evaluation. http://www.strokecenter.
org/trials/TrialDetail.aspx?tid=462 (accessed 4 Dec, 2007).
84 Alexandrov AV, Molina CA, Grotta JC, et al. Ultrasound-enhanced
systemic thrombolysis for acute ischemic stroke. N Engl J Med 2004;
351: 2170–78.
85 Daﬀertshofer M, Gass A, Ringleb P, et al. Transcranial
low-frequency ultrasound-mediated thrombolysis in brain ischemia:
increased risk of hemorrhage with combined ultrasound and tissue
plasminogen activator: results of a phase II clinical trial. Stroke
2005; 36: 1441–46.
86 Smith WS, Sung G, Starkman S, et al. Safety and eﬃcacy of
mechanical embolectomy in acute ischemic stroke: results of the
MERCI trial. Stroke 2005; 36: 1432–38.
87 Furlan AJ, Fisher M. Devices, drugs, and the Food and Drug
Administration: increasing implications for ischemic stroke. Stroke
2005; 36: 398–99.
88 Fisher M, Albers GW, Donnan GA, et al. Enhancing the
development and approval of acute stroke therapies: stroke therapy
academic industry roundtable. Stroke 2005; 36: 1808–13.
89 Katz JM, Gobin YP, Segal AZ, Riina HA. Mechanical embolectomy.
Neurosurg Clin N Am 2005; 16: 463–74.
90 Hillis AE. Systemic blood pressure and stroke outcome and
recurrence. Curr Hypertens Rep 2005; 7: 72–78.
91 Sprigg N, Gray LJ, Bath PM, et al. Relationship between outcome
and baseline blood pressure and other haemodynamic measures in
acute ischaemic stroke: data from the TAIST trial. J Hypertens 2006;
24: 1413–17.
92 Qureshi AI, Harris-Lane P, Kirmani JF, et al. Treatment of acute
hypertension in patients with intracerebral hemorrhage using
American Heart Association guidelines. Crit Care Med 2006;
34: 1975–80.
93 The ENOS Trial Investigators. Glyceryl trinitrate vs control, and
continuing vs. stopping temporarily prior antihypertensive therapy,
in acute stroke: rationale and design of the Eﬃcacy of Nitric Oxide in
Stroke (ENOS) trial (ISRCTN99414122). Int J Stroke 2006; 1: 245–49.
94 The Internet Stroke Centre. Intensive blood pressure reduction in
acute cerebral hemorrhage - pilot study, 2007. http://www.
strokecenter.org/trials/TrialDetail.aspx?tid=569 (accessed 4 Dec,
2007).
95 Mayberg MR, Batjer HH, Dacey R, et al. Guidelines for the
management of aneurysmal subarachnoid hemorrhage. A
statement for healthcare professionals from a special writing group
of the Stroke Council, American Heart Association. Stroke 1994;
25: 2315–28.
96 Ly JV, Zavala JA, Donnan GA. Neuroprotection and thrombolysis:
combination therapy in acute ischaemic stroke.
Expert Opin Pharmacother 2006; 7: 1571–81.
97 Perel P, Roberts I, Sena E, et al. Comparison of treatment eﬀects
between animal experiments and clinical trials: systematic review.
BMJ 2006; 334: 197
98 Marshall JW, Duﬃn KJ, Green AR, Ridley RM. NXY-059, a free
radical-trapping agent, substantially lessens the functional disability
resulting from cerebral ischemia in a primate species. Stroke 2001;
32: 190–198.
99 Lees KR, Zivin JA, Ashwood T, et al. NXY-059 for acute ischemic
stroke. N Engl J Med 2006; 354: 588–600.
100 The Internet Stroke Centre. SAINT II—Stroke—Acute Ischemic—
NXY-059 (Cerovive) Treatment, 2007: http://www.strokecenter.
org/trials/TrialDetail.aspx?tid=611. [A: please provide date you last
accessed this site]
101 Donnan GA. The 2007 Feinberg lecture: a new road map for
neuroprotection. Stroke 2007; published online Nov 29. DOI:
10.1161/STROKEAHA.107.493296.
102 Gulyas B, Halldin C, Karlsson P, et al. Brain uptake and plasma
metabolism of [11C]vinpocetine: a preliminary PET study in a
cynomolgus monkey. J Neuroimaging 1999; 9: 217–22.

www.thelancet.com Vol 370

103 Rothwell PM. Risk modeling to identify patients with symptomatic
carotid stenosis most at risk of stroke. Neurol Res 2005; 27: S18–28.
104 Mas JL, Chatellier G, Beyssen B, et al. Endarterectomy versus
stenting in patients with symptomatic severe carotid stenosis.
N Engl J Med 2006; 355: 1660–71.
105 Fisher M, Cheung K, Howard G, Warach S. New pathways for
evaluating potential acute stroke therapies. Int J Stroke 2006;
1: 52–58.
106 Phan TG, Donnan GA, Davis SM, Byrnes G. Proof-of-principle
phase II MRI studies in stroke: sample size estimates from
dichotomous and continuous data. Stroke 2006; 37: 2521–25.
107 Bonita R, Beaglehole R. Does treatment of hypertension explain the
decline in mortality from stroke? BMJ 1986; 292: 191–92.
108 Bornstein N, Silvestrelli G, Caso V, Parnetti L. Arterial hypertension
and stroke prevention: an update. Clin Exp Hypertens 2006;
28: 317–26.
109 Bonita R, Beaglehole R. The decline in stroke mortality: the limited
role of antihypertensive therapy. N Z Med J 1987; 100: 454–56.
110 Neal B, MacMahon S, Chapman N. Eﬀects of ACE inhibitors,
calcium antagonists, and other blood-pressure-lowering drugs:
results of prospectively designed overviews of randomised trials.
Blood Pressure Lowering Treatment Trialists’ Collaboration. Lancet
2000; 356: 1955–64.
111 Lawes CM, Bennett DA, Feigin VL, Rodgers A. Blood pressure and
stroke: an overview of published reviews. Stroke 2004; 35: 1024.
112 Taylor FC, Cohen H, Ebrahim S. Systematic review of long term
anticoagulation or antiplatelet treatment in patients with
non-rheumatic atrial ﬁbrillation. BMJ 2001; 322: 321–26.
113 Amarenco P, Labreuche J, Lavallee P, Touboul PJ. Statins in stroke
prevention and carotid atherosclerosis: systematic review and
up-to-date meta-analysis. Stroke 2004; 35: 2902–09.
114 Ridker PM, Cook NR, Lee IM, et al. A randomized trial of low-dose
aspirin in the primary prevention of cardiovascular disease in
women. N Engl J Med 2005; 352: 1293–304.
115 A randomized trial of aspirin and sulﬁnpyrazone in threatened
stroke. The Canadian Cooperative Study Group. N Engl J Med 1978;
299: 53–59.
116 The European Stroke Prevention Study (ESPS). Principal
end-points. The ESPS Group. Lancet 1987; 2: 1351–54.
117 Secondary prevention in non-rheumatic atrial ﬁbrillation after
transient ischaemic attack or minor stroke. EAFT (European Atrial
Fibrillation Trial) Study Group. Lancet 1993; 342: 1255–62.
118 Beneﬁcial eﬀect of carotid endarterectomy in symptomatic patients
with high-grade carotid stenosis. North American Symptomatic
Carotid Endarterectomy Trial Collaborators. N Engl J Med 1991;
325: 445–53.
119 MRC European Carotid Surgery Trial: interim results for
symptomatic patients with severe (70–99%) or with mild (0–29%)
carotid stenosis. European Carotid Surgery Trialists’ Collaborative
Group. Lancet 1991; 337: 1235–43.
120 A randomised, blinded, trial of clopidogrel versus aspirin in
patients at risk of ischaemic events (CAPRIE). CAPRIE Steering
Committee. Lancet 1996; 348: 1329–39.
121 Eﬀects of ramipril on cardiovascular and microvascular outcomes
in people with diabetes mellitus: results of the HOPE study and
MICRO-HOPE substudy. Heart Outcomes Prevention Evaluation
Study Investigators. Lancet 2000; 355: 253–59.
122 Randomised trial of a perindopril-based blood pressure lowering
regimen among 6,105 patients with prior stroke or transient
ischaemic attack. PROGRESS Collaborative Group. Lancet 2001;
358: 1033–41.
123 Amarenco P, Bogousslavsky J, Callahan A 3rd, et al. High-dose
atorvastatin after stroke or transient ischemic attack. N Engl J Med
2006; 355: 549–59.
124 Baigent C, Sudlow C, Collins R, Peto R. Collaborative
meta-analysis of randomised trials of antiplatelet therapy for
prevention of death, myocardial infarction, and stroke in high risk
patients. Antithrombotic Trialists’ Collaboration. BMJ 2002;
324: 71–86.
125 ESPRIT study group, Halkes PH, van Gijn J, Kappelle LJ,
Koudstaal PJ, Algra A. Aspirin plus dipyridamole versus aspirin
alone after cerebral ischaemia of arterial origin (ESPRIT):
randomised controlled trial. Lancet 2006; 367 (9523): 1665–73.

11

Seminar

126 Diener HC, Cunha L, Forbes C, Sivenius J, Smets P, Lowenthal A.
European stroke prevention study. 2. Dipyridamole and
acetylsalicylic acid in the secondary prevention of stroke.
J Neurol Sci 1996; 143: 1–13.
127 Algra A, van Gijn J. Aspirin at any dose above 30 mg oﬀers only
modest protection after cerebral ischaemia. J Neurol
Neurosurg Psychiatry 1996; 60: 197–99.
128 Diener HC, Bogousslavsky J, Brass LM, et al. Aspirin and
clopidogrel compared with clopidogrel alone after recent ischaemic
stroke or transient ischaemic attack in high-risk patients (MATCH):
randomised, double-blind, placebo-controlled trial. Lancet 2004;
364: 331–37.
129 Bhatt DL, Fox KA, Hacke W, et al. Clopidogrel and aspirin versus
aspirin alone for the prevention of atherothrombotic events.
N Engl J Med 2006; 354: 1706–17.
130 Topol EJ, Easton D, Harrington RA, et al. Randomized,
double-blind, placebo-controlled, international trial of the oral
IIb/IIIa antagonist lotraﬁban in coronary and cerebrovascular
disease. Circulation 2003; 108: 399–406.
131 Diener HC. Secondary stroke prevention with antiplatelet drugs:
have we reached the ceiling? Int J Stroke 2006; 1 : 4–8.
132 Secondary prevention in non-rheumatic atrial ﬁbrillation after
transient ischaemic attack or minor stroke. EAFT (European Atrial
Fibrillation Trial) study group. Lancet 1993; 342: 1255–62.
133 Hart RG, Tonarelli SB, Pearce LA. Avoiding central nervous system
bleeding during antithrombotic therapy: recent data and ideas.
Stroke 2005; 36: 1588–93.
134 Akins PT, Feldman HA, Zoble RG, et al. Secondary stroke
prevention with ximelagatran versus warfarin in patients with atrial
ﬁbrillation: pooled analysis of SPORTIF III and V clinical trials.
Stroke 2007; 38: 874–80.
135 Mohr JP, Thompson JL, Lazar RM, et al. A comparison of warfarin
and aspirin for the prevention of recurrent ischemic stroke.
N Engl J Med 2001; 345: 1444–51.
136 Rothwell PM, Eliasziw M, Gutnikov SA, et al. Analysis of pooled
data from the randomised controlled trials of endarterectomy for
symptomatic carotid stenosis. Lancet 2003; 361: 107–16.
137 Chambers BR, Donnan GA. Carotid endarterectomy for
asymptomatic carotid stenosis. Cochrane Database Syst Rev 2005:
4: CD001923.
138 MacMahon S, Peto R, Cutler J, et al. Blood pressure, stroke, and
coronary heart disease. Part 1, prolonged diﬀerences in blood
pressure: prospective observational studies corrected for the
regression dilution bias. Lancet 1990; 335: 765–74.
139 Blood pressure, cholesterol, and stroke in eastern Asia. Eastern
Stroke and Coronary Heart Disease Collaborative Research Group.
Lancet 1998; 352: 1801–07.
140 Yusuf S, Sleight P, Pogue J, Bosch J, Davies R, Dagenais G. Eﬀects
of an angiotensin-converting-enzyme inhibitor, ramipril, on
cardiovascular events in high-risk patients. The Heart Outcomes
Prevention Evaluation Study Investigators. N Engl J Med 2000;
342: 145–53.
141 Cholesterol, diastolic blood pressure, and stroke: 13 000 strokes in
450 000 people in 45 prospective cohorts. Prospective studies
collaboration. Lancet 1995; 346: 1647–53.

12

142 Amarenco P. Eﬀect of statins in stroke prevention.
Curr Opin Lipidol 2005; 16: 614–18.
143 Collins R, Armitage J, Parish S, Sleigh P, Peto R. MRC/BHF Heart
Protection Study of cholesterol-lowering with simvastatin in 5963
people with diabetes: a randomised placebo-controlled trial. Lancet
2003; 361: 2005–16.
144 Molyneux AJ, Kerr RS, Yu LM, et al. International subarachnoid
aneurysm trial (ISAT) of neurosurgical clipping versus
endovascular coiling in 2143 patients with ruptured intracranial
aneurysms: a randomised comparison of eﬀects on survival,
dependency, seizures, rebleeding, subgroups, and aneurysm
occlusion. Lancet 2005; 366: 809–17.
145 Ringleb PA, Allenberg J, Bruckmann H, et al. 30 day results from
the SPACE trial of stent-protected angioplasty versus carotid
endarterectomy in symptomatic patients: a randomised
non-inferiority trial. Lancet 2006; 368: 1239–47.
146 CAVATAS Investigators. Endovascular versus surgical treatment in
patients with carotid stenosis in the Carotid and Vertebral Artery
Transluminal Angioplasty Study (CAVATAS): a randomised trial.
Lancet 2001; 357: 1729–37.
147 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: 1691–98.
148 Intensive blood-glucose control with sulphonylureas or insulin
compared with conventional treatment and risk of complications in
patients with type 2 diabetes (UKPDS 33). UK Prospective Diabetes
Study (UKPDS) Group. Lancet 1998; 352: 837–53.
149 Donnan GA, McNeil JJ, Adena MA, Doyle AE, O’Malley HM,
Neill GC. Smoking as a risk factor for cerebral ischaemia. Lancet
1989; 2: 643–47.
150 Reynolds K, Lewis B, Nolen JD, Kinney GL, Sathya B, He J. Alcohol
consumption and risk of stroke: a meta-analysis. JAMA 2003;
289: 579–88.
151 He FJ, Nowson CA, MacGregor GA. Fruit and vegetable
consumption and stroke: meta-analysis of cohort studies. Lancet
2006; 367: 320–26.
152 Wendel-Vos GC, Schuit AJ, Feskens EJ, et al. Physical activity and
stroke. A meta-analysis of observational data. Int J Epidemiol 2004;
33: 787–98.
153 Hankey GJ, Warlow CP. Treatment and secondary prevention of
stroke: evidence, costs, and eﬀects on individuals and populations.
Lancet 1999; 354: 1457–63.
154 Sandercock P, Gubitz G, Foley P, Counsell C. Antiplatelet therapy
for acute ischaemic stroke. Cochrane Database Syst Rev 2003:
2: CD000029.
155 Stroke Unit Trialists’ Collaboration. Organised inpatient (stroke
unit) care for stroke. Cochrane Database of Syst Rev 2001:
3: CD000197.
156 Wardlaw JM, Zoppo G, Yamaguchi T, Berge E. Thrombolysis for
acute ischaemic stroke. Cochrane Database Syst Rev 2003:
3: CD000213.
157 Yadav JS, Wholey MH, Kuntz RE, et al. Protected carotid-artery
stenting versus endarterectomy in high-risk patients. N Engl J Med
2004; 351: 1493–501.

www.thelancet.com Vol 370

