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The primary deficit in acute ischaemic stroke is
one of impaired blood flow. Part of the cerebral
circulation is occluded either by in situ throm-
bosis, or embolism from the heart or a more
proximal artery (for example, the ipsilateral
internal carotid artery). Angiographic studies
of the cerebral circulation in acute stroke dem-
onstrate occluding thrombus in up to 80% of
patients.1 The aim of thrombolytic therapy
therefore is to lyse an occluding thrombus or
embolus and reduce the volume of cerebral tis-
sue irreversibly damaged. Such an approach is
of course successfully employed in the treat-
ment of acute myocardial infarction.2 However
a major complication of thrombolysis in stroke
is cerebral haemorrhage which could oVset any
beneficial eVects. Here we review the available
evidence for thrombolysis in acute stroke and
suggest imaging methods that could be used to
aid future selection of patients who are most
likely to benefit from such treatment.

Experimental rationale for thrombolysis
in stroke
Data from animal stroke models confirm that
cerebral blood flow can be restored to near
normal levels after administration of recom-
binant tissue plasminogen activator (rtPA)3 and
that thrombolysis results in smaller infarcts and
improved neurological function.4–6 Compari-
son of streptokinase with rtPA suggested that,
although their eVectiveness in producing
thrombolysis was comparable, streptokinase
was less clot specific and animals treated with it
had increased frequency and severity of
cerebral haemorrhage.7 Animals treated with
rtPA had the same frequency of cerebral haem-
orrhages as those treated with saline but the
proportion of large haematomas was in-
creased.6

In humans, thrombolytic therapy was first
tried over 40 years ago but was largely
abandoned due to excess mortality from major
haemorrhagic complications.8 When computed
tomography became widely available interest in
the use of thrombolysis returned, leading to
several larger randomised controlled trials. A
dose escalation study using rtPA reported that
the proportion of patients in whom recanalisa-
tion was demonstrated was independent of the
dose of rtPA used.1 The overall recanalisation
rate immediately after rtPA infusion for extra-
cranial internal carotid artery occlusions was
8% and for major coronary artery occlusions
was 26%–38%. Patients who had a cerebral
haemorrhage received rtPA significantly later
than those who had no haemorrhage (6.1(1.5)
compared with 5.3(1.7) hours, p=0.006). This
suggested that six hours might be the latest
time after the onset of stroke where it was safe
to use rtPA. Animal experiments also showed
that increasing the duration of ischaemia up to

three hours yielded progressively larger infarcts
but, beyond three hours, final infarct size was
independent of the duration of ischaemia. This
suggested that three hours was the time
window for intervention before cells became
irreversibly damaged.9 As the primary pathol-
ogy in ischaemic stroke is severe reduction of
blood flow, it seemed logical to try to reverse
this as soon as possible. Therefore, a further
dose escalation study of urgent thrombolysis
within 90 minutes from onset of stroke using
rtPA was started.10 A dose related eVect on
intracranial haemorrhage was noted: no patient
treated with 0.95 mg/kg rtPA suVered an
intracranial haemorrhage but 3/26 patients
treated with higher doses did suggesting that
doses up to 0.9 mg/kg may be safely adminis-
tered to acute stroke patients. Further studies
suggested that the time window for treatment
could be safely extended to three hours.11 In
summary this evidence suggested that rtPA was
an appropriate thrombolytic agent when ad-
ministered at a dose of 0.9 mg/kg to patients
within three hours of the onset of acute stroke.
It is of interest that the only trial that has shown
a benefit of thrombolysis is also the only trial to
have adhered to these criteria.12

Recent randomised controlled trials
In stroke patients seven major randomised
trials of urgent thrombolytic therapy have been
published. Three used streptokinase as the
thrombolytic agent: the Australian Streptoki-
nase Trial (ASK),13 the Multi-centre Acute
Stroke Trial-Italy (MAST-I),14 and the Multi-
centre Acute Stroke Trial-Europe (MAST-E).15

Four used rtPA as the thrombolytic agent: the
National Institute of Neurological Disorders
and Stroke (NINDS)12 trial, the first and
second European Co-operative Acute Stroke
Studies (ECASS 116 and ECASS 217), and the
Alteplase Thrombolysis for Acute Noninter-
ventional Therapy in Ischaemic Stroke (AT-
LANTIS) Study18. The most important data in
studies such as these are the safety of the treat-
ment (indicated by the early death or haemor-
rhage rate) and the eYcacy (death or depend-
ency at the end of trial follow up). Table 1
shows these figures for each trial.

STREPTOKINASE TRIALS

The three streptokinase trials were all stopped
early because of concerns over safety. The ASK
trial randomised patients to either streptoki-
nase or placebo administered within four hours
from symptom onset; 340 patients were
enrolled in the trial. However, there was a sig-
nificant increase in mortality in patients given
streptokinase compared with placebo, particu-
larly after three hours (43.4% v 22.1%,
p<0.001).19 Interestingly, there was no such
increase in hazard in patients treated within
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three hours, but these patients represented only
21% of all the patients in the trial.13 Similarly in
MAST-E, there was a significant increase in
haemorrhage and early death in the streptoki-
nase treated group. This result was confounded
by the concomitant use of heparin (which now
is known to independently increase the risk of
haemorrhage20) in about 60% of the patients in
each group. MAST-I was slightly diVerent in
that it had a 2 × 2 factorial design with patients
randomised to streptokinase or placebo and/or
aspirin or placebo. Therefore, half of the
patients receiving streptokinase also received
aspirin, as did half of the patients receiving pla-
cebo. Again, there was an increase in haemor-
rhage and early deaths with no significant
improvement in the outcome of the survivors.
Those patients who received aspirin as well and
streptokinase did particularly badly (case
fatalities of streptokinase plus aspirin, strep-
tokinase and neither drug were 34%, 19%, and
13% respectively). These data strongly suggest
that streptokinase is unacceptably hazardous in
acute stroke and has no apparent long term
eYcacy.

RECOMBINANT TISSUE PLASMINOGEN ACTIVATOR

(RTPA) TRIALS

The data were much more promising from the
rtPA trials, the most important of which was
the NINDS study. Altogether 624 patients
were randomised to receive either 0.9 mg/kg
rtPA or placebo within three hours of the onset
of their symptoms. The overall result showed
that patients treated with thrombolysis were at
least 30% more likely to have minimal or no
disability at three months and this benefit was

sustained to one year.21 Furthermore, although
there was a significant increase in the frequency
of symptomatic intracerebral haemorrhage,
this did not produce an increase in the early
death rate. The frequency of asymptomatic
haemorrhage was similar in both groups (4%
treated with rtPA and 3% in controls). The fre-
quency of serious extracranial haemorrhage
was about 1%.

The European trial comparable to the
NINDS study was ECASS 1. This randomised
620 patients to receive either 1.1 mg/kg of rtPA
or placebo within six hours of the onset of
stroke. A target population of patients was
defined with moderate to severe stroke with
only minor signs of ischaemia on the randomi-
sation computed tomogram. The intention to
treat analysis demonstrated a significant in-
crease in early mortality and haemorrhage and
a non-significant improvement in final out-
come. However, retrospective analysis of the
randomisation data highlighted 109 patients
who had a protocol violation, usually more
extensive changes on randomisation computed
tomography than desired. These patients’ data
were removed post hoc and analysis of the target
population was repeated. This suggested that,
had only members of the target population
been randomised, there would have not been
an increase in early mortality and their final
outcome would have significantly improved.
This was particularly true for those patients in
the target group randomised within three
hours.22 However, this post hoc procedure
clearly was biased: 21% of rtPA treated patients
were removed (of whom 30% died) compared
with 14% of controls (of whom 19% died). In
ECASS 2, therefore, centres underwent train-
ing to standardise the interpretation of early
computed tomograms. Furthermore, the lower
dose of rtPA (as used in the NINDS study) was
administered. ECASS 2 demonstrated a sig-
nificant increase in symptomatic intracerebral
haemorrhage but without a significant increase
in early mortality; there was no significant
improvement in final outcome. This result was
disappointing. However, the strict inclusion
criteria may have yielded a population of stroke
patients with less severe strokes. Compared
with the control groups of the NINDS study
and ECASS 1, of whom 73.4% and 71.7%
respectively had poor final outcomes, the figure
in ECASS 2 was 63.4%.

The ATLANTIS study provided data on
thrombolysis from three to five hours after the
onset of stroke. Some caution is needed when
interpreting the results as two changes in trial
protocol were made during recruitment of
patients. The initial study in 1991 was a
comparison of rtPA (0.9 mg/kg) against
placebo for acute stroke patients within six
hours of the onset of symptoms. However, in
1993, safety concerns regarding patients ran-
domised after five hours resulted in the trial
being halted. Recruitment later restarted (as
ATLANTIS B) using a new zero to five hours
time window. In 1996, after publication of the
NINDS trial, the time window was further
modified to three to five hours. Data from these
“target group” patients have been published

Table 1 Randomised controlled trials and meta-analysis of thrombolysis in acute stroke
showing rates of early death up to 30 days, dependency (usually defined as a Rankin score
greater than 2 (inclusive) or death at up to 6 months and rates of symptomatic intracranial
haemorrhage)

Trial No Drug/time Thrombolytic (%) Control (%)

ASK13 340 SK
Early death (7 days)* <4 hours 17.8 10.9
Death/dependency (3 months) 42.3 44.6
Haemorrhage* 12.6 2.4

MAST-E15 310 SK
Early death (10 days)* <6 hours 34.0 18.2
Death/dependency (6 months) 79.5 81.8
Haemorrhage* 21.2 2.6

MAST-I14 622 SK
Early death (10 days)* <6 hours 26.5 11.7
Death/dependency (6 months) 62.6 64.7
Haemorrhage* 8.0 1.3

ECASS 116 620 rtPA
Early death (30 days)* <6 hours 17.9 12.7
Death/dependency (3 months) 63.3 71.7
Haemorrhage* 19.8 6.5

NINDS12 624 rtPA
Early death (30 days) <3 hours 12.8 15.7
Death/dependency (3 months)* 57.4 73.4
Haemorrhage* 6.4 0.6

Meta-analysis22

Early death* 3435 SK/rtPA 20.9 11.8
Death/dependency* 61.5 68
Haemorrhage* 9.6 2.6

ECASS 217 800 rtPA
Early death (7 days) <6 hours 6.1 4.9
Death/dependency (3 months) 59.7 63.4
Haemorrhage* 8.8 3.4

ATLANTIS18 613 rtPA
Early death (30 days) 3–5 hours 7.6 4.2
Death/dependency (3 months) 58.3 59.5
Haemorrhage* 6.7 1.3

The asterisks (*) signify that the diVerence between the two groups reached statistical significance.
No is the number of subjects in each study; SK is streptokinase and rtPA is recombinant tissue
plasminogen activator.
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recently.18 The results do not show any benefit
for the thrombolysis over placebo for patients
randomised between three and five hours after
stroke.

Overall, therefore, the trials suggest that
streptokinase is more hazardous to the cerebral
circulation than rtPA. None of the streptoki-
nase trials reached completion. The major dif-
ferences between the NINDS study and
ECASS 1 were the dose of rtPA used and the
time interval from stroke onset and treatment.
When the issue of dose was addressed in
ECASS 2, a positive treatment benefit was still
not confirmed but there was no increase in
early mortality. These data suggest that rtPA
given within six hours of stroke onset may be
safe but may not be eVective after three hours.
A meta-analysis of the data from all the throm-
bolysis trials except ECASS 2 (3435 patients)
confirmed the early hazard from thrombolysis
(mainly from streptokinase) but suggested
there may be a significant overall benefit of
6.5%.22 A more recent overview from the
Cochrane database which added data from
patients in ECASS 2 and ATLANTIS con-
firmed the findings of the first meta-analysis.23

In 4236 patients, thrombolysis increased the
risk of symptomatic intracranial bleeding from
2.5% to 9.4% but against this was the benefit
that a significantly smaller proportion of
patients (55.2% compared with 59.7%) were
dead or dependent at three to six months. This
means that for every 1000 patients treated, 65
extra patients would be independent by three
to six months. This means that for every 1000
patients treated, 44 extra patients would be
independent by three to six months. Both these
meta-analyses may be criticised for combining
the results from both, streptokinase and rtPA,
trials.

On the basis of the NINDS trial, the US
Food and Drug Administration licensed rtPA
for treatment of acute stroke patients within
three hours of onset of their symptoms.
Although a recent series from centres in the
USA suggested that favourable clinical out-
comes and low rates of symptomatic intracer-
ebral haemorrhage could be achieved using
rtPA,24 the other negative trials have tempered
enthusiasm for the use of thrombolysis in rou-
tine practice in Europe and means that a
further trial will be necessary before this treat-
ment is widely accepted as beneficial.25 Fur-
thermore, a recent survey of 3948 stroke
patients admitted to 29 hospitals in Cleveland,
Ohio, showed that 10.4% were admitted within
three hours and 1.8% were given rtPA. Half of
these patients deviated from the national treat-
ment guidelines.26 The incidence of sympto-
matic intracerebral haemorrhage was 15.7%,
much higher than in comparable trials, thus
highlighting the need to know the risks and
benefits of thrombolysis in a more general and
representative clinical setting.

Problems in the design and interpretation
of human trials
Part of the problem in judging the utility of
thrombolysis is that often the underlying
pathology is not taken into consideration.

Clearly an important principle of rational
treatment is to ensure that the patient has the
target problem: there seems little point treating
patients with thrombolysis if the occlusion has
already dissipated.27 Other considerations such
as whether thrombolysis was successful in indi-
vidual patients (that is, broke down the occlud-
ing clot) and identification of patients at most
risk of haemorrhage have been poorly ad-
dressed.

Ischaemic stroke is a heterogeneous clinical
condition. Patients presenting with lacunar
syndromes or large vessel occlusion syndromes
have diVerent prognoses28 and these need to be
considered when interpreting the results of
treatment trials. In the NINDS trial, 16% of
patients given rtPA had lacunar infarcts while
38% had large vessel occlusions compared with
10% and 43% respectively in the control
group. Therefore, it is possible that some of the
apparent benefit attributed to thrombolysis
may reflect the diVerent mix of pathology in the
two groups. Future stroke trials should take
these pathological subtypes of stroke into
account during randomisation.

There is no routine practice to ensure that
thrombolysis has successfully produced reca-
nalisation. Reperfusion is less likely to be
achieved with proximal internal artery occlu-
sions rather than more distal middle cerebral
artery occlusion.1 Reperfusion rates after intra-
venous thrombolysis are reported to be 30%
immediately after infusion,1 29 53% 12–24
hours later,29 and 65% within three days.30

Reperfusion is associated with smaller infarcts
and better clinical outcome.29 30 Intra-arterial
thrombolysis produces a higher rate of reca-
nalisation (58%) immediately after the infusion
but has not been shown to improve clinical
outcome.31 Therefore, in future, it may be
important to include a measure of perfusion to
ascertain whether recanalisation has occurred
and to aid decisions regarding further throm-
bolysis.

The major adverse eVect of thrombolysis is
intracranial haemorrhage. Haemorrhage is a
common sequelae of stroke and the spontane-
ous haemorrhage rate in stroke patients is high.
In ECASS 2, the frequency of all haemorrhage
was similar in the rtPA and control groups
(48.4% v 40.2% respectively), but, in the rtPA
group, there was a significant increase in
parenchymal haemorrhage (11.8% v 3.1%)
and large haematomas (8.1% v 0.8%). The
larger parenchymal haemorrhages were more
likely to cause neurological worsening.32

Therefore, rtPA seems to increase the severity
of haemorrhage rather than the incidence of
haemorrhage. Haemorrhage is more likely to
occur late after the onset of stroke when cell
necrosis causes blood vessels to break down.33

In the NINDS trial, haemorrhage was more
likely in patients with a more severe neurologi-
cal deficit at randomisation, a mass eVect, or
cerebral oedema on randomisation computed
tomography.34 There does seem to be evidence
to suggest that if an infarct is visible on the ini-
tial computed tomography that the infarction
process is advanced and that the risk of haem-
orrhage is higher than for patients with normal
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or mildly abnormal computed tomograms.35

However, even patients with extensive abnor-
malities on the initial scan or more severe clini-
cal deficits can benefit from thrombolysis.36–38

Therefore, more sophisticated methods of
assessing the underlying pathology of cerebral
ischaemia are required.

Imaging in acute stroke
Most trials have used unenhanced computed
tomography as the necessary imaging investi-
gation before randomisation. In the early phase
of stroke, computed tomography is very good
at demonstrating haemorrhage but up to 50%
of computed tomograms may be normal and
not show the area of infarction.39–41 Further-
more, computed tomography provides no
information about perfusion or about cellular
function. Therefore, it has major disadvantages
in the early stage of stroke. Single photon
emission tomography (SPECT) or xenon
computed tomography can address some of
these deficiencies and provide a measure of
perfusion.42 43 A more informative technique is
positron emission tomography (PET) which
provides measures of perfusion and cellular
metabolism.44 In fact, PET has demonstrated
that substantial ischaemic regions survive for
up to a month after the onset of stroke in
humans, suggesting that there was hope of cell
recovery for quite a prolonged period of
time.45 46 This has very important treatment

implications as it suggests that some patients
may still benefit from therapy at extended time
periods.46 As it is unlikely that many stroke
patients will undergo a PET scan, a more
widely available and useful investigation is the
use of magnetic resonance imaging. Magnetic
resonance angiography can show the occluded
artery.47 DiVusion weighted imaging (DWI)
demonstrates the region of infarction within
minutes of the onset of stroke,48 while perfusion
imaging can demonstrate a region of low
cerebral blood flow.49 50 Magnetic resonance
spectroscopy (1H MRS) demonstrates bio-
chemical changes occurring in the region of
infarction51 and may be used to identify surviv-
ing neuronal tissue in a region of ischaemia that
may be salvageable using thrombolysis (fig 1).52

The size of the defect visible on DWI correlates
with the size of the infarct pathologically53 and
the volume of the infarct measured early using
DWI,54 T2-weighted images,55 perfusion imag-
ing,56 or combination with 1H MRS57 correlates
with clinical outcome. Infarcts where the
perfusion deficit is larger than the DWI lesion
are likely to increase in size suggesting that
regions having decreased perfusion without
DWI changes may be most suitable for throm-
bolysis.58 59 These new techniques may improve
the acute assessment of stroke patients and
allow individual patients to be assessed and
given thrombolysis at more prolonged time
intervals after the onset of stroke.46 60

Figure 1 T2-weighted image showing the central slice of an acute left hemisphere middle cerebral artery infarct. Two voxels
are identified: a “core” voxel and an “adjacent” voxel. Each voxel was studied on five occasions at the times shown. The 1H
MR spectra from each voxel are shown and the metabolites, N-acetyl aspartate (NAA, a neuronal marker) and lactate (a
marker of ischaemia) are labelled. The area under each metabolite peak in the spectrum is proportional to the metabolite
concentration. The figure demonstrates that in the core voxel, lactate is present for several weeks and neuronal loss continues
until virtually no NAA is detectable. In the voxel adjacent to the visible infarct, even though there is no abnormal
T2-weighted signal, lactate is present implying ischaemia of this adjacent tissue. This technique may in future play a part in
identifying viable neuronal tissue or ischaemic tissue that may benefit from thrombolysis.
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Summary
In conclusion, thrombolysis with rtPA given
within six hours of the onset of stroke in care-
fully selected patients is a safe therapy.
However, eYcacy has only been demonstrated
within three hours after stroke onset. At
present, only 6%61–12%62 of all stroke patients
are likely to be eligible for thrombolysis.
Improved methods for investigating acute
stroke, particularly magnetic resonance tech-
niques, may improve the appropriate targeting
of this treatment to those patients most likely to
benefit. What is certain is that any increasing
use of thrombolysis will have major eVects on
stroke services. The emphasis will have to be on
early assessment and referral, if only to reach
an imaging facility for a treatment decision to
be made.
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