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Abstract For many decades, intravenous (IV) thrombo-
lytics have been delivered to treat acute thrombosis.
Although these medications were originally effective for
coronary thrombosis, their mechanisms have proven
beneficial for many other disease processes, including
ischemic stroke. Treatment paradigms for acute ischemic
stroke have largely followed those of cardiology. Specif-
ically, the aim has been to recanalize the occluded artery
and to restore perfusion to the brain that remains
salvageable. To that end, rapid clot lysis was sought
using thrombolytic medicines already proven effective in
the coronary arteries. IV-thrombolysis for ischemic stroke
began its widespread adoption in the late 1990s after the
publication of the National Institute of Neurological
Disorders and Stroke study. Since that time, other
promising IV-thrombolytics have been developed and
tested in human trials, but as of yet, none have been
proven better than a placebo. Adjunctive treatments are
also being evaluated. The challenge remains balancing
reperfusion and salvaging brain tissue with the potential
risks of brain hemorrhage.
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Introduction

Cerebrovascular disease represents an enormous burden of
disease and disability to mankind. The World Health Organi-
zation estimates that 15 million people worldwide suffer a
stroke each year. It is projected that in the year 2020, there will
be a global loss of 61 million disability-adjusted life years and
that number is up from 38 million in 1990. Disability-adjusted
life years combine the years of potential life lost due to
premature death with years of productive life lost due to
disability [1]. Stroke is now the second leading cause of death
for people older than 60 years of age [1]. In the United States,
approximately 795,000 strokes occur annually. Fifteen to 30%
of Americans are permanently disabled after their stroke and
20% require institutionalized care at 3 months after onset [2,
3]. Resultant stroke disability affects many different entities
(i.e, spouse and children, extended family, communities, the
healthcare system, and governmental budgets).

Because the vast majority of strokes are ischemic in
etiology, the development of an effective treatment for clot
dissolution was groundbreaking. Recombinant tissue plas-
minogen activator (r-tPA) was approved by the Food and
Drug Administration (FDA) in the mid-1990s for the rapid
lysis of ischemic stroke. The tissue plasminogen activator
(tPA) resulted in a clinically important and statistically
significant reduction in stroke disability and has continued
to be the most important achievement in medical treatment
of stroke. Other types of lytic drugs have either failed or
clinical trials are presently ongoing.

Physiology of Thrombolysis

The term thrombolytic is usually synonymous with fibri-
nolytic. In the setting of ischemic stroke, this term
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specifically relates to degradation of fibrin, the tough net-
like backbone of a clot that is blocking flow to a portion of
the brain. The clot can form in-situ (i.e., a thrombus) or can
travel from another source, such as a tight carotid stenosis
or the heart (i.e., an embolus). From a clinical standpoint, a
thrombolytic is a drug that is delivered for the purpose of
recanalization of the occluded artery and reperfusion of
ischemic, but still salvageable brain tissue (i.e., ischemic
penumbra). If reperfusion is begun early enough and blood
supply is renewed to the brain territory devoid of oxygen
supply, the tissue can be salvaged and resultant damage can
be lessened.

Clot Formation

Hemostasis or reaction to vascular injury is a complicated
process that involves interactions between endothelium,
platelets, the coagulation cascade, and ultimately fibrin
formation.

The first phase in hemostasis involves platelet aggrega-
tion. After endothelial cell damage or tissue factor
exposure, platelets adhere to the subendothelial surface
and secrete growth factors and chemotactic agents. Because
platelets do not adhere to normal endothelium, a disruption
occurs first, which leads to adhesive protein activation (e.g.,
von Willebrand factor). Adhesion proteins bridge the
subendothelial connective tissue and platelets. Platelets
then begin aggregating rapidly after expressing the mem-
brane receptor glycoprotein IIb/IIIa (GP2b3a). Platelet self-
adhesion is mediated by fibrinogen, which helps form a
high-affinity bond through the membrane receptor glyco-
protein IIb/IIIa (GP2b3a) receptor. Through this process,
platelets eventually form a mass of aggregated platelets [4].

In addition to forming an aggregated mass, the platelet
surface serves to accelerate the clotting factors. The most
important clotting factor is thrombin, as it occupies a
central role in the process of clot formation. A major
substrate of thrombin is fibrinogen, which forms fibrin
monomers that are then polymerized and form the fibrin
clot. Factor XIIIa increases the resistance of the clot to
fibrinolysis by cross-linking individual fibrin monomers
[5]. Thrombin also plays a role in protecting fibrin (from
fibrinolysis) by activating thrombin-activated fibrinolytic
inhibitor. The thrombin-activated fibrinolytic inhibitor
impairs degradation of fibrin strands. Finally, further
solidifying its central role in clot formation, thrombin is
also the most potent activator of platelet aggregation.

Mechanisms of Thrombolysis

Most thrombolytic drugs that have been tested or are in use
dissolve blood clots by activating plasminogen. The
plasminogen, once cleaved, forms plasmin, which is the

principle proteolytic enzyme capable of breaking cross-
links between fibrin molecules (Fig. 1). Because these
cross-links between fibrin provide the structural integrity
of the thrombus, dissolution can proceed. Therefore, it is
not inaccurate to refer to these drugs as “plasminogen
activators.” Molecules that directly act on fibrin, such as
plasmin or microplasmin are considered “direct fibrino-
lytic drugs.” Henceforth, any drug that induces fibrinolysis
(clot breakdown) will be referred to as a thrombolytic.
This includes any drug that catalyzes the conversion of
plasminogen to plasmin or acts directly on the fibrin as
plasmin.

Other substances present in the blood inhibit the
fibrinolytic pathway. The four principle inhibitors of this
pathway include α2-anti-plasmin, α2-macroglobulin,
plasminogen activator inhibitor, and thrombin (Fig. 1).
Although these inhibitors play an important role, in the
setting of acute ischemic stroke treatment using thrombo-
lytics, they exist in insufficient concentrations to affect the
desired fibrinolysis. An important theoretical difference
between plasminogen activators and direct fibrinolytics is
their differing susceptibility to these intrinsic inhibitors
(see as follows).

Thrombolytic Drugs

Efficacy of thrombolytic drugs depends on a few important
factors: 1) the age of the clot can reduce the efficacy of the
thrombolytic, and older clots tend to have more fibrin
crosslinking and are more resistant to thrombolytics [6]; 2)
the specificity of the lytic for fibrin will determine its
activity, and other determinants of efficacy include half-life
and the presence of any neutralizing antibodies.

Thrombolytics can be divided into two different catego-
ries: 1) fibrin-specific thrombolytics and 2) nonfibrin-
specific thrombolytics. Some examples of fibrin-specific

Fig. 1 Important endogenous substances and factors involved with
clot formation. Green arrows indicate induction and red arrows
inhibition
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drugs are: alteplase, reteplase, and tenecteplase. Nonfibrin-
specific drugs include streptokinase or staphylokinase.
Alternatively, lytics that convert plasminogen into plasmin
can be described as direct versus indirect. Direct activators
are the same as those previously listed for fibrin-specific
drugs. Indirect activators of plasminogen include streptoki-
nase, staphylokinase, and desmoteplase (vampire bat
plasminogen activator). Direct activators are all serine
proteases that cleave a single (arginine-valine) amino acid
bond to yield plasmin. Indirect activators are not proteolytic,
but rather form a complex with plasminogen which can then
convert additional plasminogen to plasmin (for more details,
see Table 1).

More recently, the testing of plasmin itself has been
under development. The half-life of plasmin is very short;
when administered by IV, plasmin is rapidly neutralized
(within seconds) by α2-anti-plasmin, and it does not
dissolve the thrombus or induce bleeding [7]. Thus,
plasmin is better suited as a local agent (delivered at the
site of thrombus in the setting of intra-arterial therapy).

History of Thrombolytics

The first thrombolytic activity was found by Tillet and
Garner [8] to be produced by group A beta-hemolytic
streptococci. In their 1933 publication, the authors isolated
the strains of streptococci from 28 different patients who
were suffering from illnesses, such as septicemia, tonsillitis,
scarlet fever, and cellulitis. After culturing the bacteria, the
culture was added to a human solid clot and the time to
liquefy the thrombus was observed. The substance that
Tillet and Garner [8] postulated was responsible for the clot
dissolution was initially named fibrinolysin, but the name
was later changed to streptokinase [9]. In the late 1940s,

streptokinase was used therapeutically to treat bloody
conditions, such as pleural exudates and hemothorax.
Although Johnson and Tillet [10] were able to successfully
lyse clots (in a rabbit model) using streptokinase, Fletcher
et al. [11] were the first to deliver IV streptokinase to
human patients suffering from acute myocardial infarction
(AMI) in 1958.

Subsequent studies showed that streptokinase, by itself,
is not a plasminogen activator, but it binds with free
circulating plasminogen (or with plasmin) to form a
complex that can convert additional plasminogen to
plasmin. Streptokinase activity is not enhanced in the
presence of fibrin. Because streptokinase is produced from
streptococcal bacteria, it often causes febrile reactions and
other allergic problems. Streptokinase can also cause
hypotension that appears to be dose related. It is not
advised to re-administer streptokinase within 6 months,
because it is highly anti-genic and results in high levels of
antibodies.

During the 1980s, through recombinant technology,
multiple second and third generation lytics were developed
and clinically tested. Probably the most well-known second
generation agent is alteplase (recombinant tissue plasmin-
ogen activator [rt-PA]), which is manufactured using the
human gene that has been inserted into a mammalian cell
line (Chinese hamster ovary cells). Importantly, the product
is identical to human tissue-type plasminogen activator.
Due to its high fibrin specificity, the activity of alteplase is
enhanced 400-fold when bound to fibrin [12]. Third
generation thrombolytics had their chemical structure
slightly altered to increase fibrin specificity and to increase
half-life. Two of the most well-studied agents are tenecte-
plase and reteplase. An advantage of these medications is
bolus dosing (no infusion necessary) due to their longer

Table 1 Thrombolytic drugs either approved or under past/current investigation for clinical use (myocardial infarction or stroke)

Drug Origin Direct Plasminogen
Activator

Fibrin Specific Half-life
(minutes)

Anti-genicity

Streptokinase Streptococcus bacterium No No Biphasic* Yes
Short: 18

Long: 89

Urokinase Embryonic kidney cells Yes No 14-20 No
†Alteplase Recombinant technology Yes Yes, but moderate 3-6 No

Pro-urokinase Recombinant technology Yes Yes 7-9 No
†Tenecteplase Recombinant technology Yes Yes 17-25 No

Reteplase Recombinant technology Yes Yes 15-18 No
†Desmoteplase Vampire bat saliva Yes Yes 2.8-4 hours Yes
†Plasmin Plasma-derived and recombinant

technology
No Yes <1 unavailable

*Streptokinase (Streptase) [package insert], Ottawa, Ontario: CSL Behring Canada, Inc; 2007
†Tested in past or ongoing intravenous (IV) ischemic stroke clinical trials
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half-life. A newer thrombolytic, desmoteplase is derived
from vampire bat (Desmodus rotundus) saliva. As com-
pared to rt-PA, desmoteplase has a much higher fibrin
selectivity and a prolonged half-life of 4 h [13].

Thrombolytics for Acute Myocardial Infarction

Early experimentation with streptokinase in the setting of
AMI was performed by Fletcher et al. [14] in their 1959
published case series, in which large doses of the drug
were infused after myocardial infarction in 22 patients. A
few patients developed mild hemorrhagic complications,
but in comparison with other treatments (largely support-
ive at the time) they demonstrated promising lower
mortality rates. In 1966, Schmutzler et al. [15] published
1 of the largest trials of that time, involving 558 patients.
They reported an absolute decrease in mortality of 7.6% in
streptokinase-treated patients compared with the control
group. During the 1970s, many small, underpowered and
nonrandomized trials were performed, which showed
mixed results [16–18].

Two important clinical trials led to the eventual
acceptance of IV thrombolysis for acute myocardial
infarction:1) the European Cooperative Study Group for
Streptokinase Treatment in Acute Myocardial Infarction
[19] and 2) the Gruppo Italiano per la Sperimentazione
della Streptochinasi nell'Infarto Miocardico (GISSI) trial
[20]. Both studies were well designed and firmly estab-
lished the efficacy of administering IV thrombolytic
(streptokinsase) for acute myocardial infarction. Numerous
trials followed that reinforced the same findings. Later in
the late 1980s and early 1990s, efforts shifted to comparing
newer thrombolytics with streptokinase.

Three major clinical trials compared rt-PA versus strepto-
kinase: the Global Utilization of Streptokinase and Tissue
Plasminogen Activator for Occluded Coronary Arteries
(GUSTO) trial, the Third International Study of Infarct
Survival (ISIS-3), and the GISSI-2 trial [21–23]. The Global
Utilization of Streptokinase and Tissue Plasminogen Activa-
tor for Occluded Coronary Arteries (GUSTO) trial enrolled
41,021 patients to assess the effect of rt-PA, streptokinase, or
a combination of both on survival (within 6 h of acute
myocardial infarction onset). There was a benefit observed of
rt-PA, but only when treatment was given early (<4 h). This
benefit was especially true if the patient was <75 years old.
The Third International Study of Infarct Survival (ISIS-3)
trial enrolled 41,299 patients to streptokinase, rt-PA, or
Eminase Manufacturer: Haupt Pharma Wulfing, Germany
(anisoylated plasminogen-streptokinase activator complex).
There were more allergic reactions and hypotension in
streptokinase-treated patients, but no difference in mortality
between groups. The GISSI-2 trial group studied 12,490

patients who received streptokinase (± IV heparin) vs rt-PA
(±IV heparin). No mortality differences were found in any of
the four treatment groups; however, the incidence of major
bleeding was greater in the streptokinase + heparin group.
These 3 trials led to the overall preference for rt-PA,
especially in the cases of: 1) history of receiving streptoki-
nase (due to allergic reactions seen in 4 to 5% of cases, as
well as antibodies, which possibly reduce efficacy; and 2)
age <75 and onset within 4 hours.

Current recommendations state that in the setting of AMI
of <12 hours duration and with ST-segment elevation,
administration of fibrinolytic agent (streptokinase, alteplase,
reteplase, or tenecteplase) is strongly recommended (grade
1A) [24]. Importantly, catheter-based therapies (e.g., per-
cutaneous angioplasty and stenting) have been shown to be
more effective thanIV thrombolysis alonein centers that
have the capability.

Thrombolysis for Cerebral Infarction: Early
Development

Initial studies of thrombolysis in humans began in the late
1950s, but with major limitations. First, studies at this time
took place prior to the advent of computed tomography
(CT) patients may have had hemorrhagic rather than
ischemic strokes. Instead, despite its lack of reliability,
a cerebrospinal evaluation was performed to help rule
out hemorrhage. Next, the majority of these early trials
lacked any form of cerebral vessel imaging to assess
recanalization. Medications tested included plasmin, strepto-
kinase, and urokinase. Because cerebrovascular dosing for
streptokinase was extrapolated from the cardiac literature,
the optimal dose was never determined. Finally, most
studies were very small; patients were treated very late in
the course of their ischemia; and few performed rigorous
trial design with placebo groups and allocation blinding
[25–28].

After the advent of CT in the early 1980s, case reports
and small case series began to surface describing improved
outcomes in urokinase- or streptokinase-treated patients
[29, 30]. However, robust testing of thrombolysis for stroke
was thwarted by a 1980 National Institutes of Health
consensus conference on thrombolytic therapy. The con-
sensus statement expressed caution that due to increased
risk of brain bleeding, thrombolysis for stroke should be
avoided [31]. As a result, this recommendation made its
way onto package labeling for urokinase and streptokinase.

Many crucial factors hampered the development of
thrombolytics for ischemic stroke. First, the choice of
thrombolytics was important. Some investigators continued
to explore first generation drugs, such as streptokinase and
urokinase. These older medications were less fibrin specific
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and led to unacceptable bleeding risks [32]. Second,
combination anticoagulation or anti-platelet therapy was
used. Both drug choice and concomitant drugs likely led to
increased risk of symptomatic hemorrhage. Third, the time
window for lysis was likely the most important factor for
trial failure. Studies on primates demonstrated that approx-
imately only 3- to 4-h of middle cerebral artery occlusion
could be tolerated before irreversible damage occurred [33].
Despite this evidence, clinical trials were being designed
with a 6-h window in which the majority of patients were
receiving drugs in the 4- to 6-h time period. Finally, there
was very little preclinical evaluation of the first generation
thrombolytics. Despite these limitations, very important
work was independently completed and somein collabora-
tion by del Zoppo et al. [29], Zeumer [34], and Mori et al.
[35] demonstrating the angiography evidence of arterial
occlusion and response to fibrinolytic therapy in patients
suffering large vessel occlusion. Authors del Zoppo et al.
[36] treated 4 patients suffering from proximal intracranial
occlusions with local infusion of streptokinase. Two
patients were recanalized with marked clinical improve-
ment, which did not occur in the absence of recanalization.

Although caution was recommended regarding the use
of urokinase for ischemic stroke, the drug and its precursor,
pro-urokinase, was still widely used, especially via the
intra-arterial treatment approach. Pro-urokinase was tested
using this local, catheter-based treatment in the Prolyse in
Acute Cerebral Thromboembolism (PROACT) trials. Al-
though, beyond the scope of the current review, endovas-
cular treatment of pro-urokinase in 3- to 6-h stroke patients
did result in greater rates of recanalization and improved
clinical outcomes compared to a placebo, despite a cerebral
hemorrhage rate of 10%.

The molecular biological revolution in the early 1980s
led to the development of rt-PA. The most notable pre-
clinical stroke evaluation of rt-PA using an embolic
model was performed by Zivin et al. [37]. Using a rabbit
model, small clots were injected into the animal’s brain
until a sufficient clot burden (weighed in milligrams)
resulted in either an abnormal neurological examination or
death. If rt-PA was injected, the absolute amount of the
clot could be significantly increased before the examina-
tion changed or the animal died. Importantly, this was only
true if the thrombolytic was started within 90 minutes of
introducing the clots. Albeit small numbers, researchers
did not encounter problems with brain hemorrhage in rt-
PA treated rabbits [38]. The opposite was true of
streptokinase in this model, which demonstrated hemor-
rhage. The most important factor identified through this
pre-clinical work was the 90-minute time window of
efficacy. This 1.5-h window would eventually lead to the
study design that resulted in the first and only proven
therapy for ischemic stroke.

At this point, a few but important factors led to the
development of rt-PA for ischemic stroke in comparison
with other thrombolytics. First, recombinant t-PA was
identical to human tissue-type plasminogen activator and
thus did not cause the anaphylactic-type reactions seen with
streptokinase. Second, no antibodies were formed to rt-PA,
so repeat dosing was feasible. Third, the most feared
complication of thrombolysis intracranial hemorrhage
seemed to be more common with other thrombolytics
[32]. Finally, the pre-clinical work previously described
using rt-PA demonstrated efficacy and safety.

Early Safety and Dose-Finding Trials in Stroke

Phase I dose-escalation clinical trials using alteplase (rt-PA)
were carried out in the late 1980s in 2 parts: 1) <90 minutes
from stroke onset (n=74) and 2) 91 to 180 minutes (n=20)
[39, 40]. Doses of alteplase ranged from 0.35 to 1.08 mg/kg.
Only 1 intracranial hematoma occurred among 64 patients
(1.5%) who received≤0.85 mg/kg and none had other major
hemorrhagic complications. Higher doses (≥0.95 mg/kg)
were statistically associated with symptomatic intracranial
bleeding. Most importantly, from a public health standpoint,
the investigators demonstrated that stroke patients could be
evaluated neurologically, receive a head CT scan, and be
treated with IV t-PA within 90 minutes of symptom onset.
Furthermore, results of these 2 phase I studies led to the
eventual 0.9 mg/kg alteplase dose that is currently being
used. Other studies that took place at approximately the
same time generated similar results [3, 41]. Authors del
Zoppo et al. [42] contributed important IV t-PA dose-
rate escalation information in 139 patients who had
recanalization monitored by a conventional angiogram. Their
findings were among the first to describe differential efficacy
of t-PA according to clot location (i.e., lower rates of
recanalization in terminal internal carotid artery occlusions).

Review of Phase 3 Efficacy Trials

Three major phase III clinical trials of alteplase were
conducted in the 1990s: 1) European Cooperative Acute
Stroke Study (ECASS), 2) ECASS-II, and 3) the National
Institute of Neurological Disorder and Stroke (NINDS) rt-
PA Stroke trial. The ECASS randomized 620 patients to
placebo vs 1.1 mg/kg alteplase within 6 h of symptom onset
[43]. More than 80% of the patients were enrolled within
the 3- to 6-h window, and the study did not reveal a
significant difference between groups. However, post-hoc
analysis revealed that if protocol violations were removed,
then the analysis of the target-population did reveal a
treatment effect of t-PA.
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The NINDS rt-PA study randomized patients with a
placebo vs 0.9 mg/kg of alteplase within 3 h of symptom
onset [44]. Half the patients were treated within 90 minutes
of onset. The study was conducted in two parts. Part 1 was
a phase 2b study of 291 patients having a primary endpoint
of a 4-point improvement on the National Institutes of
Health Stroke Scale (NIHSS) at 24-h and was not positive,
although it would have been positive if any other cutoff of
NIHSS reduction was used by greater than 4 points. The
secondary endpoint of a 3-month outcome was positive and
generated part 2, a phase 3 study of 333 patients using the
same inclusion and exclusion criteria as part 1 (Table 2),
but used as its primary outcome a “consistent and
persuasive difference” at 3 months. This was measured
using a global statistic comprised of complete recovery on 4
different outcome measures (NIHSS, Barthel Index, mod-
ified Rankin scale and the Glasgow outcome scale). Despite
greater rates of symptomatic intracerebral hemorrhage
(ICH) (6.4% vs 0.6%), alteplase-treated patients had a
13% absolute increase in the proportion of patients with no
disability at 3 months. There were no differences between
groups in regard to mortality. Several important substudies
or secondary analyses confirmed reperfusion with t-PA
[45], which showed that the positive results were general-
izable across all common clinical variables, including
stroke subtype, severity, and patient age [46]. The only
predictors of hemorrhage were stroke severity and inade-
quate blood pressure control [47] with results that persisted
at 1 year [48], and most importantly that the benefit was
best seen if patients were treated within the first 2 h after
onset [49]. Using the dichotomous outcome, the number

needed to treat was 8 and the number needed to harm
(causing a symptomatic hemorrhage) was 17. More recently,
Saver et al. [50] used a shift-analysis, which uses the entire
modified Rankin scale to account for any clinical improve-
ment across the 0–6 point scale. Using this technique, the
number needed to treat to benefit was 3 and to harm was 32
[50]. Results of the NINDS trials led to 1996 Food and Drug
Administration approval of alteplase for acute ischemic
stroke. Other licensing bodies followed the Food and Drug
Administration with approval, in Canada in 1999 and in
Europe in 2002. However, resistance to the use of t-PAwas
prevalent because the infrastructure did not exist for expert
stroke evaluation in most hospitals, and imbalance in stroke
severity between the treatment groups led to erroneous
conclusions as to the validity of the data.

A second European trial (ECASS-II) studied the same
t-PA dose (0.9 mg/kg) and completed in 1998 [51]. In
contrast to the NINDS t-PA study, ECASS-II continued to
study the 0 to 6-h treatment window. Again, the majority of
patients were treated in the 3- to 6-h time frame and no
statistically significant difference was found between groups
(p=0.277). However, post-hoc analysis showed that using a
slightly different cutoff of clinical efficacy revealed a
treatment effect. Authors concluded that the observed trend
of efficacy supported by the NINDS t-PA study results
justifies thrombolysis in selected stroke patients within the
3-h time window. At the same time, a smaller study, the
Alteplase Thrombolysis for Acute Noninterventional Thera-
py in Ischemic Stroke (ATLANTIS) study tested delayed
(3- to 5-h) administration of alteplase, but it was negative.
Independent re-analysis of the NINDS data [52], and a

Inclusion Criteria Exclusion Criteria

1. Ischemic stroke with: 1. Stroke or serious head trauma withinthe previous
3 months

a. Clearly defined onset time 2. Major surgery within 14 days

b. Measurable deficit on the NIH Stroke Scale 3. History of intracranial hemorrhage

2. Computed tomographic scan without
evidence of intracranial hemorrhage

4. BP of >185/110 or aggressive means to lower
the BP below this goal

5. Rapidly improving or minor symptoms

6. Symptoms suggestive of subarachnoid hemorrhage

7. Gastrointestinal or genitourinary hemorrhage within
the previous 21 days

8. Arterial puncture at a noncompressible site within
7 days

9. Seizure at onset of the stroke

10. Laboratory data

a. Glucose >400 or <50 mg/dL

b. Prothrombin time >15 seconds

c. Platelet count <100,000 cm3

d. Elevated partial-thromboplastin time in the setting
of receiving heparin within 48 hours.

Table 2 Inclusion and exclu-
sion criteria for the NINDS
t-PA stroke study

BP = blood pressure; NIH =
National Institutes of Health;
NINDS = National Institute of
Neurological Disorder and
Stroke; t-PA= tissue plasminogen
activator
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pooled analysis of all patients in all of these 4 trials
confirmed the positive effect of t-PA and demonstrated the
importance of treating patients as early in the course of their
infarction as possible [53]. The odds ratio of a favorable
3-month outcome increased as the onset to treatment time
decreased (p=0.005). A statistically significant treatment
effect was present between 3- and 4.5-h from onset (odds
ratio, 1.4; 95 confidence interval, 1.1-1.9), but the 95%
confidence intervals crossed 1 in the 4.5- to 6-h time frame.

The apparent treatment effect between 3- and 4.5-h was
formally tested in the phase III, randomized, double-blinded,
placebo-controlled ECASS-III study [54]. A total of 821
patients were randomized with a median symptom onset to
treatment time of 3 h and 59 minutes. The baseline median
NIHSS score was 9 in the t-PA group and 10 in the placebo
group. More patients had a favorable outcome with alteplase
than with placebo (52.4% vs 45.2%; odds ratio, 1.34; 95%
confidence interval, 1.02-1.76; p=0.04). The incidence of
symptomatic intracerebral hemorrhage (sICH) was higher
with alteplase than with placebo (2.4% vs. 0.2%; p=0.008).
Mortality did not differ significantly between the alteplase
and placebo groups (7.7% and 8.4%, respectively; p=0.68).
A second pooled analysis that now included ECASS-III and a
smaller Australian study, named Echoplanar Imaging Throm-
bolysis Evaluation (EPITHET), led to a position statement by
the American Heart Association (AHA) and American Stroke
Association (ASA), and a recommendation by the European
Stroke Organization (ESO) endorsing the use of alteplase out
to 4.5 h [55, 56].

Streptokinase for Ischemic Stroke

Three large, randomized clinical trials of streptokinase have
been completed. The Multicenter Acute Stroke Trial – Europe
(MAST-E) was a double-blinded, randomized trial of the
cardiac dose of streptokinase vs placebo with a 6-h treatment
window. MAST-E was terminated early by the data safety
monitoring board after significantly higher rates of death
(34% vs 18%) and symptomatic hemorrhage (21% vs 3%)
occurred. Similar fates of early termination befell the
Australian Streptokinase (ASK) trial and the Multicenter
Acute Stroke Trial – Italy (MAST-I) trial due to increased
hemorrhage and mortality [32, 57, 58]. Notably, in contrast
to the development of ateplase for stroke, no dose-escalation
safety studies were performed with streptokinase.

Third Generation and Other Thrombolytics

Tenecteplase

The three clinically relevant recombinant thrombolytic
peptides are 1) alteplase (t-PA), 2) reteplase (r-PA), and 3)

tenecteplase (TNK). The latter, TNK, is a structurally
modified form of native t-PA (performed to increase its
half-life and fibrin specificity), which has undergone pre-
clinical and clinical study in ischemic stroke. Due to the
modified structure, TNK has a longer half-life and can be
delivered in a bolus with no infusion necessary. Already
approved for myocardial infarction (MI), the drug also
boasted an improved safety profile with lower systemic
bleeding complications in MI [59]. In addition to the longer
half-life, TNK is 14 times more fibrin specific and is more
resistant to degradation from plasminogen activator-1
compared with rt-PA [60]. Theoretically, the greater
specificity for fibrin explains the lower hemorrhage risk in
the MI setting.

Embolic stroke models using rabbits have explored a head-
to-head comparison between rt-PA and TNK [61]. Chapman
et al. [61] compared 4 groups of animals using radio-labeled
injected blood clots: control (no lytic), rt-PA, low-dose TNK
(0.6 mg/kg), and high-dose TNK (1.5 mg/kg). Both the rt-PA
and the TNK animals verified thrombolysis resulting in the
conclusion that both drugs lyse clots. Nevertheless, no
statistically significant differences were found between rt-
PA and TNK in the rates of intracranial hemorrhage rates
(66% in rt-PA vs 55% low-dose and 53% high-dose TNK).
The authors concluded that they could not demonstrate
improved safety compared with rt-PA.

Clinical studies of TNK moved forward in 1999 when
Haley et al. [62] performed a pilot, dose-escalation safety
study in 88 stroke patients. All patients were treated within
the 0 to 3-h window using identical NINDS t-PA study
inclusion/exclusion criteria. The follwing 4 dosage tiers
were tested: 0.1, 0.2, 0.4, and 0.5 mg/kg (maximum,
100 mg). A total of 25 patients were treated at each dose
with the exception of the 0.5 tier that was stopped after 2 of
13 patients suffered sICH. No concurrent controls with
alteplase were obtained, thus comparisons for clinical
outcomes were purely historical. Authors concluded that
TNK at doses of 0.1 to 0.4 mg/kg are safe in ischemic
stroke, and a larger trial was designed. The next trial was
funded by the National Institutes of Health and used a
sophisticated design that allowed a seamless transition from
phase II to III, provided a promising dose was found with
adequate safety [63]. The trial began as a phase IIb
randomized, double-blinded, and controlled trial that sought
the optimal dose of tenecteplase: 0.1, 0.25, or 0.4 mg/kg.
The control arm was alteplase at standard dosing, and all
patients were treated within the 0 to 3-h window. By
design, the study used a combination score that balanced
sICH with early (24-h) neurological improvement and
resulted in the dropping of the 0.4 mg/kg dose after only
73 patients had been enrolled. Three of 19 (15.8%) high-
dose patients experienced sICH. The 2 lower doses were
continued, but unfortunately, due to slow enrollment, the
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study was prematurely terminated. Investigators were
unable to explore futility or treatment effects in the other
arms with so few patients (n=31). Despite the disappointing
outcome of the study, authors mention that further study of
tenecteplase may be warranted as an alternative treatment
for acute ischemic stroke.

Reteplase

Relaptase (r-PA) demonstrated significantly higher rates
of coronary recanalization in the RAPID trials compared
with alteplase (60% vs 45%; p<0.05), but has undergone
only limited pre-clinical experimentation for cerebrovas-
cular disease [64]. Yenari et al. [65] tested reteplase versus
alteplase in a controlled study of 34 rabbits (embolic
stroke model). Thrombolysis was performed 1-h after
embolization of the internal carotid artery. Cerebral
hemorrhage was not increased with r-PA and reperfusion
was equally improved compared with rt-PA. Authors
concluded that the advantage of single-bolus dosing of
reteplase warranted further testing for stroke treatment.
There are no further reported studies with IV reteplase
monotherapy in the setting of acute ischemic stroke.
However, small case-series have reported success with
reteplase using an intra-arterial approach [66, 67].

Desmoteplase

Vampire bat (Desmodus rotundus) saliva contains a
plasminogen activator that has a significantly greater
amount of fibrin specificity compared to rt-PA. One of the
known side-effects of rt-PA, neurotoxicity of adjacent
parenchyma after blood-brain-barrier disruption (suggested
in animal models to be related to glutamate receptor
excitotoxicity), does not seem to be present in desmoteplase-
treated models [68, 69].

The Desmoteplase In Acute Stroke (DIAS) study explored
this new agent in stroke patients in an extended window [70].
Patients were treated between 3- and 9-h from symptom
onset and were selected using magnetic resonance imaging
(MRI) criteria that were believed to indicate evidence of
salvageable tissue (diffusion/perfusion mismatch). A double-
blinded, placebo-controlled safety and dose-escalation study
with 104 patients enrolled began by using a fixed-dosage
design. However, after excessive sICH rates (26.7%), it was
changed to a weight-based scheme in 3 treatment arms: 1)
62.5 μg/kg, 2) 90 μg/kg, and 3) 125 μg/kg. Only 1 of 57
desmoteplase-treated patients suffered a sICH (dosage=
90 μg/kg). Reperfusion rates captured with follow-up MRI
verified the thrombolytic effects of the drug (71.4% in the
high-dose arm compared to 20% in the placebo). Reperfu-
sion differs from recanalization, as the former reflects tissue
perfusion to the area of potential infarction, whereas the

latter relates to whether or not the parent vessel is reopened
(regardless of the tissue bed downstream). There was a dose-
dependent increase in the rates of favorable clinical outcome:
13.3%, 46.7%, and 60% of patients in the 62.5 μg/kg,
90 μg/kg, and 125 μg/kg desmoteplase groups, respectively,
compared with 18.2% in the placebo group. The DIAS study
produced promising results on 2 fronts: safety and efficacy
of a new thrombolytic and imaging-selected thrombolysis in
an extended time window.

The Dose Escalation of Desmoteplase for Acute Ischemic
Stroke (DEDAS) study was an extension of the DIAS study
that focused on the 2 most promising doses: 90 μg/kg and
125 μg/kg. Again, DEDAS was a double-blinded, placebo-
controlled safety and dose-escalation study (3- to 9-h from
symptom onset) that was performed in 37 patients [71]. No
sICH occurred. MRI reperfusion was most impressive with
the 125 μg/kg dosage and correlated with good clinical
outcome. Authors concluded that DIAS and DEDAS
provided evidence that 125 μg/kg of desmoteplase is safe
and effective for MRI stroke patients treated in an extended
window.

DIAS-2 was the logical next step to the development of
desmoteplase in acute ischemic stroke, which was a pivotal
phase III clinical trial. DIAS-2 was a prospective, double-
blind, single-bolus study investigating the efficacy and
safety of 2 doses of desmoteplase (90 and 125 μg/kg),
given as an IV bolus [72]. Patients were eligible for DIAS-2
if they could be treated within 3-to 9-h after the onset of
stroke symptoms, if they had a score on the NIHSS of 4 to
20, and if they had a distinct ischemic penumbra of at least
20% established by MRI (perfusion-weighted imaging/
diffusion-weighted imaging) or perfusion CT. Design of
the study was predicated on enriching the population
with patients that had penumbra (mismatch between dead
tissue and tissue at risk). Therefore, these patients would
be more likely to benefit from reperfusion. Assessment
of mismatch was done by a visual estimate, and CT
mismatch was performed by comparing cerebral blood
flow with blood volume. The primary outcome was
clinical improvement at day 90, defined as having
achieved all of the following: an improvement in NIHSS
score of 8 points or more (or an NIHSS score of ≤ 1), a
Barthel Index score of 75 to 100, and a modified Rankin
Scale score of 0 to 2. DIAS-2 targeted an aggressive
absolute treatment effect of 25%. Between 2005 and
2007, 193 patients were randomized and 186 received
treatment (n=57 in 90 μg/kg arm; n=66 in 125 μg/kg,
and n=63 placebo). Interestingly, only 30% of patients
had a visible occlusion on baseline imaging. Unfortu-
nately, despite adequate safety results (sICH rates of 3.5
and 4.5% in low- and high-dose arms, respectively) there
was no signal of effect in the primary clinical outcome.
Authors postulated a few different interpretations regarding
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the discrepant results between DIAS-2 and DEDAS/DIAS-1,
such as: 1) milder strokes in DIAS-2 patients (median, 9 vs
11); 2) lower rates of thrombolysis in MIof 0 or 1 vessel
occlusion (26% vs 54%); 3) use of CT-perfusion in DIAS-2,
whereas MRI was the sole imaging modality used in prior
studies; or 4) more patients with mild strokes in the placebo
group of DIAS-2.

Post-hoc analysis revealed an 18% and 9% clinical
response rate in patients with a thrombolysis in MI of 0 to 1
occlusion in the low- and high-dose arms, respectively.
Response to treatment in this analysis has spurred the
design of DIAS-3 and DIAS-4 studies (still ongoing),
which only includes patients with occlusions [73, 74].

Plasmin

As described in earlier sections, plasmin is the final
common pathway of traditional thrombolytics (so-called
direct-acting fibrinolytic) and provides the enzymatic
degradation of fibrin that results in clot lysis. Due to the
short half-life and rapid inactivation (within seconds) of by
α2-antiplasmin, plasmin is more suitable for local (intra-
arterial therapy) administration. In a rabbit model of
thrombosed abdominal aorta, Marder et al. [75] found
superior lysis with plasmin compared to t-PA and no re-
bleeding at puncture sites. Nine of 10 t-PA treated rabbits
had re-bleeding at puncture sites.

Marder et al. [76] tested plasmin in a rabbit stroke model
of thrombin-induced middle cerebral artery occlusion.
Arterial recanalization (confirmed using angiography)
was successful in all 9 rabbits infused with plasmin.
Conversely, none of the 3 control rabbits recanalized

spontaneously. Results were promising enough for the
design of a phase I/IIa human study testing 3 doses of
plasmin in middle cerebral artery stroke within 8.5 h of
symptom onset [77].

Ongoing Trials of IV Thrombolysis

Phase 3 Trials

There are four major, ongoing clinical trials of 0.9 mg/kg
dose alteplase (Table 3). All trials are phase 3 clinical
efficacy trials that are predominantly attempting to extend
the treatment window or explore treatment in different
patient groups. Because there is limited information
regarding efficacy and safety in stroke patients older than
80 years of age (and European authorities did not approve t-
PA for ages >80), both the Third International Stroke Trial
(IST-3) and the Thrombolysis in Elderly Stroke Patients in
Italy (TESPI) will enroll enough patients to address this
important issue. Desmoteplase in Acute Stroke (DIAS-3)
and (DIAS-4) is using the 90 μg/kg dosage of desmoteplase
to test efficacy in image-selected patients. Extending the
Time for Thrombolysis in Emergency Neurological Deficits
(EXTEND) trial enrolls patients with neuroimaging evi-
dence of penumbra. Although not an IV vs placebo trial, the
Interventional Management of Stroke Trial-3 (IMS-3) is
randomizing patients to standard 0.9 mg/kg IV t-PA vs a
bridging endovascular approach. Patients randomized to the
interventional arm receive 0.6 mg/kg t-PA by IV followed
by endovascular treatment that can deliver additional intra-
arterial lytic.

Table 3 Ongoing phase 3 clinical trials of intravenous thrombolysis vs placebo

Study Name Treatment Time
Window

Planned Sample
Size

Imaging Selection (Other
Than Noncontrast Head CT)

Other Important Selection
Criteria

Third International Stroke
Trial (IST-3)

0-6 hours 3,100 None No upper-limit cutoff for age
or stroke severity

Extending the Time for
Thrombolysis in Emergency
Neurological Deficits (EXTEND)

3- to 9-h (or 4.5- to 9-h
according to local
guidelines)

400 Penumbral imaging
required

• NIHSS 4–26 with hemispheric
symptoms

• No upper-limit cutoff for age

Thrombolysis in Elderly Stroke
Patients in Italy (TESPI)

0-3 hours 600 None • Age >80

• NIHSS <17

• Any history of prior clinical
stroke and concomitant diabetes

Desmoteplase In Ascute Stroke
(DIAS-3) and (DIAS-4)

3-9 hours 320 MRA or CTA intracranial
occlusions (TIMI 0 or 1)

• Age ≤ 85

• NIHSS 4-24

Interventional Management
of Stroke Trial 3 (IMS-3)

0-3 hours 900 None • Large vessel occlusion or
NIHSS ≥ 10.

• Ages 18-82

CT = computed tomography; CTA = computed tomographic angiography; NIHSS = National Institutes of Health Stroke Scale; MRA = magnetic
resonance angiography; National Institutes of Health Stroke Scale; TIMI = thrombolysis in myocardial infarction
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Other Early Phase I and II Trials

Many phase I and phase II trials are ongoing, which test IV
rt-PA combined with other therapeutic strategies. A few of
these modalities include: anti-platelet agents (e.g., aspirin
or glycoprotein IIb/IIIa inhibitors), anticoagulants (e.g.,
Argatroban manufacturer: GlaxoSmithKline, Philadelphia,
PA), intra-arterial therapy, ultrasound-enhanced lysis (sono-
thrombolysis), hypothermia, and other neuroprotective
medications or strategies (e.g., magnesium and albumin).
Adjunctive rt-PA therapies offer a promising way to enhance
the effects of rt-PA through many different pathophysiolog-
ical pathways. Explorations of all these early phase studies
are beyond the scope of this article.

Conclusion

IV thrombolysis remains the only proven medical treatment
for reducing the disability caused by acute ischemic stroke.
However, the time window of opportunity for treatment is
still narrow as the majority of patients with ischemic stroke
do not receive thrombolysis, and complete clot lysis occurs
in the minority of patients [78]. Ongoing clinical trials
aiming to improve rates of recanalization widen the
treatment window or broaden eligibility so that more
patients can benefit. Regardless of what new thrombolytic
or adjunctive treatment, if any, is discovered to be effective
for future stroke sufferers, it remains absolutely crucial that
patients are transferred fast to stroke centers. In well-
organized stroke centers, it is possible to reach 20 minutes
door to IV t-PA needle time [79].
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