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Abstract
Appropriate acute treatment with plasminogen activators (PAs) can significantly increase the
probability of minimal or no disability in selected ischemic stroke patients. There is a great deal of
evidence showing that intravenous recombinant tissue PAs (rt-PA) infusion accomplishes this
goal, recanalization with other PAs has also been demonstrated in the development of this
treatment. Recanalization of symptomatic, documented carotid or vertebrobasilar arterial territory
occlusions have also been achieved by local intra-arterial PA delivery, although only a single
prospective double-blinded randomized placebo-controlled study has been reported. The increase
in intracerebral hemorrhage with these agents by either delivery approach underscores the need for
careful patient selection, dose-appropriate safety and efficacy, proper clinical trial design, and an
understanding of the evolution of cerebral tissue injury due to focal ischemia. Principles
underlying the evolution of focal ischemia have been expanded by experience with acute PA
intervention. Several questions remain open that concern the manner in which PAs can be applied
acutely in ischemic stroke and how injury development can be limited.
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Plasminogen activators (PAs) have found a firm niche in the acute therapeutic management
of thrombotic/thromboembolic ischemic stroke. Despite inherent risk, conditions have been
developed for successful treatment with improvement in outcome of a population of patients
that had heretofore faced disregard and limited therapeutic options. With the evolution of the
use of PAs in this setting, there has been the parallel evolution of new concepts of focal
ischemic brain injury. Important to the outcomes of thrombus lysis in this setting has been
the concept of the “penumbra” and its interrelationship to the protection of the targeted
“territories-at-risk” by the collateral and vascular anastomoses of those territories. The
demonstration that thrombi occlude the arteries supplying the symptomatic territory has
been essential to proving the concept that PAs can be developed for this indication. Further
evidence has come from the growing experience with other antithrombotic agents (i.e.,
antiplatelet agents and anticoagulants) that support the thrombotic features of the focal
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cerebral ischemic events. It is also evident that focal ischemia generates thrombotic
occlusion of the microvasculature.

Essential to the successful outcomes of thrombus lysis is the timing of the intervention
relative to the duration of ischemia. Acute intervention was defined by modern PA
application in this setting. Imaging techniques have also played significant roles. The impact
of both timing and ischemia duration on hemorrhagic transformation is central to the safety
concerns of the acute use of PAs in ischemic stroke. Finally, off-target effects of
thrombolytic agents have raised questions about the pathophysiology of the ischemic event.
In this article, many of these features are discussed, as is the historical basis for the
development of PAs in the setting of acute intervention and the outcomes of level 1 clinical
studies. Though far from exhaustive, this presentation will consider some of the questions of
the field that could serve as issues for future research.

Ischemic stroke represents a group of disorders of the central nervous system (CNS)
vasculature, including occlusions of the arterial supply of the brain.1,2 It is now evident that
removal of these symptomatic arterial occlusions in a timely manner limits the risk of
residual neurologic deficit. Atherothrombotic stroke results from cerebral arterial occlusions
due either to in situ arterial thrombosis or artery-to-artery emboli originating in intracranial
arteries or the internal carotid artery (ICA), the aortic arch, or the vertebral-basilar (VB)
artery system. Studies employing angiography within 6 hours of the onset of carotid artery
territory ischemic stroke have shown a high frequency of atherothrombotic or
thromboembolic arterial occlusions in the symptomatic territory.3–9 For instance, three
prospective studies documented symptomatic occlusion of a brain-supplying artery within
the carotid territory in 81% of patients within 8 hours of symptom onset.8 Separate studies
have shown arterial occlusions in 59% of patients at 24 hours and in 41% at 1 week after
symptom onset in patients with focal cerebral ischemia.3,4,6–8 Large-artery events in the
carotid territory are primarily thrombotic or embolic in origin. VB ischemia results from in
situ thrombosis on atheromata in the basilar or vertebral arteries or from emboli from more
proximal sources.10

Generally, approximately 16 to 23% of ischemic stroke are due to thromboembolic events,
40 to 57% are due to in situ atherothrombotic strokes, 14% are due to lacunar strokes, and
10 to 15% of strokes are due to symptomatic hemorrhage. Emboli from left ventricular
mural thrombi after myocardial infarction (MI), prosthetic valves, rheumatic valvular
vegetations, and thromboemboli arising during nonvalvular atrial fibrillation (AF) can cause
focal cerebral ischemia. The incidence of systemic thromboembolism, including stroke, after
MI is 1 to 3% per year.11–16 In contrast, the risk of cerebral infarction after an episode of
nonvalvular AF can be 20% per year, with a mortality rate from the initial infarct of 38% per
year.17 This is in accordance with the experience of Hart et al, who reported a 34.8%
incidence of symptomatic embolism (13% cerebral) in individuals not undergoing
immediate anticoagulation.18

Ischemic stroke is still defined in terms of the duration, persistence, and severity of the
symptoms within the syndrome. Transient ischemic attacks (TIAs) are events of short
duration—usually less than 1 hour duration, or at most 24 hours—with clinical resolution.19

Nonetheless, persistent neuronal injury occurs. Events of extended duration have been
termed minor strokes and reversible ischemic neurological deficits (RINDs). Completed
strokes are those with permanent detectable injury. The depth of ischemia and the duration
are relevant to the persistence of the defects and, potentially, their reversibility in the setting
of re-establishment of local blood flow (see The Penumbra, below).
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TIAs (e.g., amaurosis fugax)20–22 are often accompanied by subsequent stroke or other
arterial disease. Completed stroke has been reported in 40 to 75% of individuals with one or
more TIAs,23,24 with a prevalence of approximately 30% per year.23,24 Among individuals
with a premonitory TIA, approximately 50% may have a stroke within the first year.25

Approximately 64% of individuals with TIAs showed evidence of cerebral infarction in their
initial computerized tomography (CT) scan.26 The early risk of stroke is high, occurring in 3
to 5% of patients within 48 hours after a TIA and in 8 to 14% within 3 months.27 Stroke-
related death and cardiac death occur in 28 and 37% of patients with TIAs, respectively,
indicating that cardiovascular mortality is significant in the population of patients with
stroke.25 A lower mortality is suggested from placebo groups in large trials of
antithrombotic treatment. The combined outcome events of stroke, MI, and death occurred
in 14% of individuals treated with the placebo for more than 2 years in the UK-TIA (United
Kingdom transient ischemic attack) Study Group Trial.28

These thrombotic events are supported by migrating thromboemboli and refractile bodies
observed in the retinal arteries of patients with focal cerebral ischemia29–31 and by thrombi
in the cortical and carotid arteries during cerebral ischemia.32,33

Indirect evidence for the involvement of thrombi in cerebrovascular ischemia derives from
observations of platelet, coagulation, and fibrinolytic system activation in the postictal
setting.34–38 Platelet activation and evidence of platelet aggregation have been reported in
patients with recent atherothrombotic and thromboembolic cerebral ischemia.34,37–44

Experimental studies in nonhuman primates confirm the deposition of fibrin and activated
platelets in microvessels of the ischemic regions shortly after middle cerebral artery (MCA)
occlusion.45–50 These observations implicate the local activation of hemostasis in the
ischemic microvascular bed.

Patients presenting with an ischemic stroke are at risk for recurrence; the risk is highest
within the first year. Following a first-time ischemic stroke, the rate of subsequent ischemic
stroke, MI, death, or vascular-related death is 10 to 12% per year.51–53 The 5-year
cumulative incidence of secondary stroke was 42% among men in one prospective study.
Another study noted a 32% 7-year cumulative incidence for recurrent stroke.54

From the clinical standpoint, and relevant to clinical trial outcomes, improvements in
neurologic outcome occur among patients who survive a stroke. Both neurologic
presentation and outcome depend on stroke subtype.55 Patients with lacunar strokes fare
better than do patients with thromboembolic events. The conditions under which stroke
occurs can alter outcome. Female patients have a better 1-year survival and lower injury
volume than male patients.56–58

Stroke-related mortality during the first 7 days after ictus was examined prospectively by
Silver et al.59 Cerebral edema from large, hemispheric ischemic lesions led to transtentorial
herniation and death in 78% of 46 patients who died in that interval. This is consistent with
the number of fatal events (82%) in one retrospective pathology study.60 Often, the
mortality results from failure to recanalize a major occluded brain-supplying artery (e.g., M1
segment of the MCA). This is evident in nonhuman primate models of MCA occlusion.45,61

Hemorrhagic Transformation
Hemorrhage accounts for approximately 10 to 15% of all strokes.1,5,6,8,62–67 However,
hemorrhagic transformation of the ischemic lesion occurs commonly during
thromboembolic stroke and is classified as hemorrhagic infarction (HI), parenchymal
hematoma (PH), or both. HI are petechial or confluent petechial hemorrhages within the
regions of ischemic injury.68–71 HI occurs in 50 to 70% of individuals in postmortem
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studies.68–70 HI are petechial or confluent petechial hemorrhages within the regions of
ischemic injury.68–71 In clinical series, 10 to 43% of nonanticoagulated individuals with
acute cerebral infarction in CT scan–based studies and 37.5% of patients with cardiogenic
cerebral embolism demonstrate HI,72,73 compared with only 1.9% of patients with carotid
territory thrombosis.74 Petechial hemorrhage can result from ischemia-related degradation of
the microvessel basal lamina matrix components.75,76 Clinical deterioration is not usually
associated with HI and is more likely due to the volume of injury.8,77

PH is a homogeneous mass of blood (coagulum), often associated with edema, that can
displace brain tissue. Many reports of symptomatic hemorrhage in patients with cerebral
embolism are associated with antithrombotic treatment.78,79 Antithrombotic agents,
including PAs, characteristically increase the risk of hemorrhage within the cerebral
ischemic beds.80

In addition, PH can result from the rupture of small penetrating arteries. An increased risk of
intracerebral hemorrhage is also associated with advanced age (> 75 years) and the intensity
of anticoagulation.64,65,80,81 Normal platelet function is necessary to maintain the integrity
of cerebrovascular beds and to prevent clinically detectable hemorrhage.

The Penumbra
A basis for all reperfusion strategies rests on the observation of regions of metabolically
active tissue within the ischemic territory. The evolving ischemic lesion stabilizes as an
infarction by 24 hours after arterial occlusion of the supply artery.82–86 Astrup and
colleagues depicted the development of the core of ischemic injury, destined for tissue
infarction, with a circumferential region or “penumbra” of metabolically metastable tissue
that has the potential for full recovery, if regional cerebral blood flow (rCBF) could be
returned to normal levels.87–91 This concept encompasses characteristic electrophysiological
changes, biochemical and molecular alterations, microvessel responses, metabolic changes,
and regional differences in tissue perfusion and H2O diffusion as displayed by imaging
studies (e.g., the DEFUSE study).91–93 By positron emission tomography (PET), infarction
corresponds to rCBF below 12 mL/100 g/min and the cerebral metabolic rate for oxygen
(CMRO2) below 65 µmol/100 g/min.94 The penumbra has been defined as rCBF decreased
to 12 to 22 mL/ 100 g/min, CMRO2 above 65 µmol/100 g/min, and an oxygen extraction
fraction (OEF) of 50 to 90%.94 Experimental data from vascular and molecular modeling
studies, as well as recent imaging work, indicate that the penumbra is dynamic and also
demonstrates that in the early minutes and hours after ischemia onset, the core contains
pockets of injury surrounded by “mini-penumbrae.”91 It has been hypothesized that failure
to resolve these mini-penumbrae into viable tissue leads to the homogenous injured tissue.91

These cell and microvessel events relate to local microvascular flow and regional perfusion,
and they may underlie recoverability of the ischemic territory-at-risk when flow is re-
established. Normal collateral arterial circuits protect the cerebral cortex and can contribute
to the reversibility of the ischemic penumbra. Hence, acute reperfusion of the occluded
artery (arteries) is expected to decrease the penumbra and recover normally functioning
tissue.

Collateral Protection
Extraordinarily important to the maintenance of flow to brain regions, and protection of the
territory-at-risk from ischemic injury, are anastomoses of the cerebral circulation. These
include the common carotid arteries, the external carotid and the vertebral arteries, the ICA
and the intracranial circulation through anastomoses of the ophthalmic artery, and the circle
of Willis. Other meningeal anastomoses and secondary anastomoses are known.95 In the
intracranial arterial system, the cerebral cortices are protected by a highly ordered,
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descending hexagonal array of penetrating arteries that terminate in microvessels and
connect to the subcortical microvasculature.96,97 Cross-flow among the vascular “columns”
is recognized. In the basal ganglia, a different and less well-understood set of anastomoses
are achieved with the capillary branch points nearly every 30 µm.47 This reflects the
subcortical structure and the lower rCBF seen in that territory. Both the cortical and basal
ganglia microvasculature allow retrograde flow.

Transient Ischemic Attacks and Completed Stroke
TIAs and completed ischemic stroke often result from ongoing platelet and coagulation
activation and from vascular injury to brain-supplying arteries. Changes that occur in plasma
thrombin concentration and fibrin degradation product levels following ischemic stroke
suggest that interruption of coagulation may be beneficial. Hence, there are roles for
antiplatelet agents and anticoagulation.3–7,29,31,38,44,76,98 These should be considered, as
patients who are candidates for PAs may be taking these agents.

Antiplatelet agents
Among accepted approaches for secondary prevention of ischemic cerebrovascular disease,
aspirin (ASA) can reduce the incidence of TIAs and subsequent ischemic strokes.99,100

Dipyridamole (DP) when added to ASA reduces the incidence of stroke, MI, and death
compared with what has been observed in patients who received placebo,101,102 or ASA
alone.81,103,104 Generally, these antiplatelet regimens were started within months of the
ictus; however, now there is reason to initiate oral treatment within 24 hours of the initial
event. The thienopyridine ticlopidine has been shown to benefit patients with TIA/minor
stroke105 and aid in the prevention of second strokes; it has been replaced by
clopidogrel.106,107

ASA has been shown to reduce the incidence of secondary ischemic stroke after an initial
completed stroke. The combination of ASA/DP in several formats appears to provide a
significant reduction in second stroke risk. The European Stroke Prevention Study (ESPS)
demonstrated a 33% reduction in the risk of stroke and death associated with the
combination treatment.102 More recently, the ESPS-2 study compared the relative efficacy
of extended-release (ER) DP (400 mg/day), ASA (50 mg/day), the combination of ASA/ER-
DP, and placebo in limiting stroke, death, or both in individuals presenting with TIAs or
stroke in a 2 × 2 factorial design.104 ASA/ER-DP (relative risk reduction [RRR], 36.7%)
was superior to ASA or ER-DP alone (RRR for stroke, 15.8 and 17.7%, respectively), which
were in turn superior to placebo at 2-year follow-up. For patients with a history of TIAs or
recent stroke, the combination was superior to no treatment, but was not substantially
different from ASA alone for the outcomes of stroke, MI, and mortality. The separate
European/ Australian Stroke Prevention in Reversible Ischaemia Trial (ESPRIT) indicated
that patients receiving the combination ASA/DP or ASA/ER-DP had a lower incidence of
vascular demise, nonfatal stroke, nonfatal MI, or major hemorrhage, than did those receiving
ASA alone (absolute risk reduction 1.0% per year).104

In comparison to ASA (325 mg per day) the Clopidogrel versus Aspirin in Individuals at
Risk of Ischemic Events (CAPRIE) study demonstrated a significant 8.7% reduction in the
combined risk of ischemic stroke, MI, or vascular-related death by clopidogrel (75 mg per
day) in patients presenting with ischemic or lacunar stroke, MI less than 35 days old, or
symptomatic atherosclerotic peripheral arterial disease.106 The overall benefit was driven by
the peripheral arterial disease (PAD) outcome. However, a direct comparison for stroke-
related outcomes is only now being investigated [http://clinicaltrials.gov/ct2/show/
NCT00991029]. Regarding combination antiplatelet use, the Clopidogrel for High
Atherothrombotic Risk and Ischemic Stabilization, Management, and Avoidance
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(CHARISMA) trial compared combination ASA (75 mg)/clopidogrel (75 mg) with ASA (75
mg)/placebo for patients with multiple atherothrombotic risk factors and demonstrated no
significant difference for the composite of MI, stroke, or cardiovascular mortality.108 The
large (7,599 patients) Management of Atherothrombosis with Clopidogrel in high-risk
patients (MATCH) trial compared the efficacy of ASA (75 mg)/clopidogrel (75 mg) to
clopidogrel (75 mg) alone for ischemic events including stroke. No difference was seen in
outcome between the two groups, though the ASA/clopidogrel combination was associated
with significantly higher incidence of life-threatening hemorrhage (including intracranial
hemorrhage).107

Anticoagulants
Some 30 years ago, uncontrolled reports suggested that heparin could decrease the incidence
of basilar artery TIAs.109,110 Although two studies reported that long-term anticoagulation
decreased the incidence of strokes and/ or vascular death among patients with recent TIAs,
subsequent trials failed to show superiority of anticoagulation over its comparator for the
incidence of stroke or death.111,112 Only the Cerebral Embolism Study Group trial indicated
a benefit from immediate anticoagulation for cardiogenic embolism.113 The Warfarin-
Aspirin Recurrent Stroke Study (WARSS) found no difference in outcomes of TIA and
stroke patients treated with oral anticoagulation under tight control compared with patients
treated with ASA.114,115

Despite uncontrolled studies suggesting little benefit of anticoagulants to prevent second
stroke events,111,116–120 a more complex picture emerges from more recent reports. Data
from the International Stroke Trial (IST) and the Chinese Acute Stroke Trial (CAST)
demonstrated a significant reduction in total recurrent ischemic strokes with heparin
exposure within 14 days of ictus.64,65,121,122 However, the increased incidence of
intracerebral hemorrhage neutralized this advantage. Similarly, a series of studies with low-
molecular-weight heparins (LMWHs) intended to alter the outcome of first-ever stroke
were, with one exception,123 neutral— showing no apparent benefit or increase in
hemorrhagic risk.124–126 However, none of the studies examined the impact of the LMWH
prior to 24 hours after ictus, whereas the benefits shown in animal models occur when the
LMWH (enoxaparin) is introduced acutely.127 At present, there is no evidence of an
advantage to the use of anticoagulants for completed stroke.128,129 Notable is that none of
those studies instituted anticoagulants in the acute phase.

Nonetheless, oral anticoagulation is effective in prevention of thromboembolic stroke from a
cardiac source. A series of primary prevention trials for nonvalvular atrial fibrillation (AF)
—including Copenhagen Atrial Fibrillation, Aspirin and Anticoagulant Therapy study,
Stroke Prevention in Atrial Fibrillation I and II, European Atrial Fibrillation Trial, and the
Boston Area Anticoagulation Trial for Atrial Fibrillation— have been seminal.130–136 Those
outcomes have been supported by the demonstrated noninferiority of the oral antithrombin
dabigatran and the oral anti-Xa inhibitors rivaroxaban and apixaban to warfarin in primary
prevention.137–141 Dabigatran and apixaban are superior for efficacy. All such agents appear
to have a lower incidence of intracerebral hemorrhage.

Clinically detectable systemic embolism from valvular cardiovascular disease (i.e., untreated
rheumatic mitral stenosis and mitral insufficiency) occurs with a 3.7% (stenosis) and 1.9%
(regurgitation) yearly incidence and may recur within 6 to 12 months after the signal
embolism.142–144 The rate of systemic embolic events with valve prostheses is also
increased,145–148 and cerebral embolism is greatly increased by concurrent AF.143,149,150

Oral anticoagulants generally reduce the incidence of thromboembolic events associated
with mechanical prosthetic cardiac valves. Limited studies suggest that warfarin
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anticoagulation to a target international normalized ratio (INR) of 2.5 to 3.5 is
efficacious151,152 for valves in the aortic position (bileaflet and tilting variety) compared
with valves in the mitral position.146 The addition of antiplatelet agents increases protection
but may increase the risk of hemorrhagic complications.153–156 Based on a tolerable safety
profile, low-dose ASA is often added to warfarin.157 The combination of DP (400 mg/day)
with warfarin anticoagulation (INR 2.0 to 2.5) further reduces the incidence of
thromboembolic events.158,159 However, meta-analysis of trials combining DP with oral
anticoagulation indicated a decrease in fatal and nonfatal thromboemboli.160,161

For bioprostheses, the greatest risk for systemic thromboembolic events occurs during the
first 3 months after valve placement.162–164 The risk increases with concomitant AF.164,165

The possibility that ASA use might produce similar risk reduction in patients in sinus
rhythm has not been rigorously tested.166–168 Hence, accepted practice requires
anticoagulation for the initial 3 months following placement of the bioprosthesis.

Anticoagulation during the acute in-hospital and in the chronic posthospitalization phase
following MI reduces the number of cerebrovascular events,11–16,169 whereas evidence for
the effectiveness of antiplatelet agents continues to be scant.106 Two placebo-controlled
trials have demonstrated a significant decrease in stroke incidence with anticoagulation.12,16

In both trials, hemorrhage was more common in the active treatment group. In the Warfarin
Reinfarction Study (WARIS), the target INR was 2.8 to 4.8. The follow-on WARIS-II trial
of warfarin (INR = 2.8 to 4.2), warfarin and ASA (75 mg per day), or ASA (160 mg per day)
alone in patients with MI demonstrated that the combination warfarin/ASA was superior to
the other regimens for the combined outcomes of death, nonfatal reinfarction, and cerebral
stroke.170,171 Hemorrhagic risk was greatest in the warfarin/ASA cohort at the end of the
study; however the long-term incidence of occult hemorrhage was not different among the
three cohorts, suggesting overall benefit with INR of 2.0 to 3.0 in patients with a low or
intermediate risk of hemorrhage.171,172

Plasminogen Activator Approaches to Cerebral Ischemia
The concept that PAs might limit the consequences of ischemic stroke first appeared in the
1960s.173 Based on the evolution in the understanding of the roles of plasmin generation in
normal physiology and the development of PAs for systemic administration, interest in their
use in ischemic stroke took hold.174

The use of PAs in the setting of TIAs and completed stroke has been problematic. This is in
large part because of the difficulty in determining whether the studies selected patients on
the basis of known pathology or stroke subtypes. Additionally, the time from symptom onset
to treatment was often rather vague. Early PA trials in patients with completed stroke failed
to demonstrate efficacy when symptomatic improvement and death were the primary
outcomes. Clinical trials evaluating intravenous infusion of thrombolytic agents, usually
streptokinase (SK) or urokinase-like plasminogen activator (u-PA), in completed stroke
were inconclusive. The low-dose u-PA studies of Abe et al demonstrated safety but did not
indicate efficacy.175,176 Ultimately, the report of Fletcher et al describing the lack of benefit
in 31 patients treated with u-PA systemically within 10 to 12 hours of symptom onset, and
the very troublesome frequency of symptomatic intracranial hemorrhage and related
mortality, led to a general contraindication of the approach in the United States177

The long interval to treatment after stroke onset and the possibility that the stroke was
caused by undiagnosed hemorrhage (scanning technologies were not widely available) were
common concerns with those early studies (Table 1).178 A group of prospective,
randomized, controlled, low-dose studies of intravenous u-PA or tissue plasminogen
activator (t-PA) in patients with stable focal neurologic deficits of less than 5 days’ duration
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demonstrated no difference in clinical outcome or in the incidence of symptomatic
intracerebral hemorrhage.179–182

Acute Interventions in Ischemic Stroke
A major advance in the approach to ischemic stroke occurred when the acute application of
PAs was proposed (i.e., within 6 to 8 hours after symptom onset), based on the notion that
rapid early recanalization of a thrombotic occlusion might restore territorial perfusion,
restore cellular function, and reduce the ischemic injury and the evolution of parenchymal
hemorrhage.178 It was suggested that rapid restoration of flow (perfusion) to the potentially
reversible zones of neuron and tissue injury, the “penumbra,” could preserve intact tissue
and improve regional function.87,183 If reperfusion were instituted early enough, before the
evolving distribution was advanced, hemorrhagic transformation should not increase. The
contributions of local vascular anatomy and collateral vascular protection to tissue
perfusion, as well as the predominantly thrombotic basis for focal cerebral ischemia,
provided conceptual support for attempts to achieve early recanalization with PAs.
Recombinant t-PA (rt-PA) is now used in patients who present within 3 to 4.5 hours of
symptom onset and do not have detectable cerebral hemorrhage to reduce injury or to
improve clinical outcome. Other local infusion strategies and combined modality approaches
are being considered.

Acute intervention with PAs in patients selected by strict CT scan and clinical criteria is
associated with evidence of benefit.5,66 The development of direct intervention employs CT
or magnetic resonance (MR) scanning for evidence of primary hemorrhage at baseline and
in time for evidence of evolving brain injury. Initially, four-vessel angiography was
employed to define the presence of arterial obstruction. Hence, both local intra-arterial and
systemic infusion strategies of PAs evolved from the same experience and technical
requirements. In early experience, recanalization of symptomatic carotid artery territory
occlusions has approached 46 to 90% of symptomatic patients treated with direct intra-
arterial infusion (of SK or u-PA within 8 hours).184–186 Similarly, recanalization of ICA
occlusions by systemic PA infusion of occurs in < 25% patients,5,8,179,180,187,188 whereas
partial or complete arterial recanalization has been reported in 34 to 59% of patients with
more distal carotid artery territory occlusions.5,187–189

Systemic Infusion of Plasminogen Activators
Initial experience was gained in the direct intra-arterial delivery of SK or u-PA and provided
proof of the concept that the acute intervention could be safe and result in arterial
recanalization in a timely manner (Table 2). With the availability of the thrombus-selective
t-PA derived from melanoma cells, three patients were treated acutely with varying
results.190 Recanalization was achieved in two patients, but a fatal hemorrhage occurred in a
patient who received t-PA by 12 hours.

Two forms of rt-PA became available (single-chain and two-chain), allowing the conduct of
well-conceived controlled clinical trials for recanalization efficacy and safety in the acute
application in ischemic stroke.5,8 In preparation for a prospective phase III outcome trial of
rt-PA, an open angiography-based dose-finding recanalization trial of two-chain rt-PA
(duteplase) was undertaken.8 Of the 139 patients recruited, 80.6% had complete occlusion of
the primary vessel at 5.4 ±1.7 hours after symptom onset. Although no dose-rate response of
cerebral arterial recanalization was observed, division (M2) and branch (M3) occlusions
were more likely to undergo recanalization by 60 minutes than M1 MCA or ICA occlusions
with rt-PA (duteplase). Hemorrhagic transformation was within preset limits; however, the
frequency became significant after 6 hours (Fig. 1).8
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Mori et al were the first to demonstrate, in a blinded randomized controlled trial, that acute
treatment of patients with 20 or 30 MIU of rt-PA (duteplase) significantly improved
recanalization and clinical outcome at 30 days compared with patients treated with
placebo.187 Patients demonstrating early recanalization had better neurologic outcome than
did those not exhibiting recanalization. In those studies, detectable hemorrhage occurred in
29 to 53% of treated patients,5,187–189 which was similar to natural history.69

Three separate randomized controlled trials of acute intravenous delivery SK in patients
with ischemic stroke were terminated because of excessive early mortality and symptomatic
intracranial hemorrhage in the SK-treated groups.191–193 No preparatory dose-finding
studies were performed in any of those trials. In the Multicentre Acute Stroke Trial-Italy
(MAST-I) trial, the combination of ASA with SK produced excessive early case fatality.193

The potential utility of SK in ischemic stroke has not been pursued further. One possible
interpretation, based on the immunology of SK, is that its presence in the ischemic territory
activates a parenchymal response.

At the time of those studies, a contract program to determine the safety and efficacy of
single chain rt-PA (alteplase) by intravenous delivery was undertaken by the National
Institute of Neurological Disorders and Stroke (NINDS) and initiated in 1985 (Table 3).5

Patients were entered within 3 hours of symptom onset. In part 1 of that study, there was no
difference in neurologic outcome at 24 hours between the rt-PA (0.9 mg/kg) and placebo-
treated cohorts according to the National Institutes of Health Stroke Scale (NIHSS) score. In
part 2, at 3 months following rt-PA treatment recipients displayed a statistically significant
11 to 13% absolute improvement over placebo in Barthel index, modified Rankin scale
(mRS) score, Glasgow outcome scale score, and NIHSS for evidence of no or minimal
disability/deficit. Symptomatic hemorrhage was significantly more frequent among patients
treated with rt-PA (6.4%) than placebo (0.6%). Mortality was unchanged, but intracerebral
hemorrhage significantly contributed to death. In follow-up, the outcome benefits in that
population were sustained for 12 months and were most apparent in moderately severe
strokes.194 Independent post-licensing use of rt-PA in general practice has confirmed the
original report.195 Benefit was associated with age less than 75 years and the absence of
“early signs” of ischemic injury.195 The responsive group of patients were those presenting
with NIHSS scores of 10 to 14.194

Three other phase III prospective randomized safety and efficacy studies of intravenous rt-
PA (alteplase) have been undertaken that emphasize limitations to the acute use of rt-PA and
raise intriguing questions about the generalizability of this strategy (Table 3). The European
Cooperative Acute Stroke Study (ECASS) compared parenteral infusion rt-PA (1.1 mg/kg,
to a maximum of 100 mg) to placebo in patients within 6 hours of symptom onset. No
significant difference was observed between the two groups for 90-day median mRS.66 A
subgroup of patients with evidence of ischemia on the entry CT scan, who should have been
excluded (“protocol violators”), displayed increased mortality and hemorrhage when treated
with rt-PA. A post hoc analysis limited to the “target population” suggested an 11 to 12%
absolute improvement over placebo in mRS 0 to 1 (no or minimal disability) in the rt-PA-
treated cohort, when the protocol violator data was excluded. However, a significantly
higher proportion of rt-PA patients (6.1%) had intracerebral hemorrhage causing
neurological deterioration or death (PH2) than did patients in the placebo group (2.6%).
ECASS-2, the follow-on randomized double-blind nonangiographic study, required a careful
review of the baseline CT scans for “early signs of ischemia” to exclude patients displaying
apparent defects exceeding 33% of the MCA territory.196,197 Here, 40.3% of patients who
received rt-PA within 6 hours of symptom onset had a favorable outcome (mRS = 0 to 1), an
insignificant 3.2% improvement over placebo. Severe symptomatic parenchymal
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hemorrhage (PH2) was significantly more frequent in the rt-PA group (11.7%) than in the
placebo group (3.1%).

In Europe, two registries and a phase III trial were undertaken to secure the approval for the
acute use of rt-PA in stroke patients. In preparation for a formal retest of this indication for
rt-PA, prospective acute experience of patients was tallied in the two registries, SITS-MOST
and SITS-ISTR.198,199 These allowed the design of ECASS-3, a multicenter, prospective,
randomized, placebo-controlled trial comparing patients receiving best medical treatment
together with either rt-PA (n = 418) or placebo (n = 403) between 3 and 4.5 hours from
symptom onset.200 The primary efficacy outcome in ECASS-3 (mRS = 0 to 1 at 90 days)
was significantly greater with rt-PA (52.4%) than placebo (45.2%). Symptomatic
intracranial hemorrhage, as defined by the criteria used in the NINDS study, was diagnosed
in 33 subjects treated with rt-PA (7.9%) and in 14 subjects given placebo (3.5%). The
significantly increased incidence of symptomatic intracranial hemorrhage with the use of
thrombolytic agents is consistent with the experience with rt-PA in other clinical trials
testing the agent acutely.2,5,8,9,23–25,27,187,200–203 In ECASS-3, the incidence of
intracerebral hemorrhage was not increased greatly despite the parenteral administration of
anticoagulants for prevention of deep vein thrombosis within the first 24 hours following rt-
PA treatment. Some implications of these findings have been reviewed recently.204 The
results, consistent with the results in this time window from previous studies and pooled
analyses of previous trials,187,205,206 suggest that intravenous rt-PA can be given safely to
carefully selected patients treated 3 to 4.5 hours after stroke and that intravenous rt-PA given
in this time period can improve outcomes after stroke in a selected group of patients.

The studies of intravenous rt-PA so far underscore the major contributors to the risk of
intracerebral hemorrhage in ischemic stroke. These include increased time from symptom
onset to treatment, low body mass, diastolic hypertension, older age, and the use of rt-
PA.8,207,208 The appearance of “early signs of ischemia,” marked by low attenuation and/or
sulcal effacement on the initial CT scan, is associated with an increased risk of death and
hemorrhage (Table 4).66,208–211

Viewed together, the results of the NINDS and ECASS studies draw attention to the
enormous importance of strict individual patient selection to beneficial outcome and in
reducing the hemorrhagic risk accompanying the acute use of rt-PA in ischemic
stroke.5,66,67 Heterogeneity among clinical studies of acute intervention with rt-PA is well
recognized.212 Unfortunately, no documentation of the presence of arterial occlusions and
their fate took place in those studies.

A search for the acute use of alternate PAs to rt-PA has been predicated on the notion that
the thrombus-selective agents could have better safety profiles if applied differently. A
theoretical advantage of a longer half-life variant of t-PA, tenecteplase (TNK), could be ease
of administration with similar efficacy and safety to rt-PA in ischemic stroke. One open-
label dose-escalation study of TNK in 88 patents achieved a dose of 0.4 mg/kg without
symptomatic intracerebral hemorrhage.213 A follow-on randomized study was halted by the
sponsor because of limited recruitment. A separate study of three cohorts of 25 patients each
that compared TNK (at 0.1 mg/kg or 0.25 mg/kg) with rt-PA (alteplase) indicated
significantly greater reperfusion at 24 hours and better mRS = 0 to 1 at 90 days with TNK
(0.25 mg/ kg) compared with alteplase.214 Further trials are expected.

Another naturally occurring PA with a prolonged half-life and thrombus selectivity is
derived from the common vampire bat (Desmodus rotundus), rαDS-PA (desmoteplase). A
series of acute delivery studies in ischemic stroke patients within 3 to 9 hours of symptom
onset, employing an MR for stratification of initial injury, have been undertaken with

del Zoppo Page 10

Semin Thromb Hemost. Author manuscript; available in PMC 2013 July 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



varying results. An early intravenous dose-finding study, Desmoteplase in Acute Ischemic
Stroke Trial (DIAS), generated excess and unacceptable cerebral hemorrhage with the first
dose and was halted.215 That study was revised to provide a dose-finding test, and it found
that 125 µg/kg rαDS-PA was safe, with additional evidence of a clinical response.216 In the
subsequent DIAS-2 trial, 125 µg/kg desmoteplase delivered within 3 to 9 hours from
symptom onset failed to show benefit over placebo.217 With a re-examination of subgroup
responses, two parallel phase III controlled blinded studies of desmoteplase in this time
frame have been undertaken, DIAS-3 and DIAS-4, to test the hypothesis that rαDS-PA can
result in increased benefit in treated patients compared with placebo.

Direct Local Infusion of Plasminogen Activators
Refinements of early intra-arterial guidewire-directed microcatheter techniques have taken
place in parallel with the development of systemic infusion studies. Advantages of the
interventional approaches are the higher local concentrations of PAs delivered to the
thrombus face in arterial segments where blood flow is stagnant, the inherent definition of
vascular anatomy, and the documentation of recanalization. Furthermore, the frequency of
recanalization is likely to be greater than that achieved by systemic infusion. In early series,
detectable hemorrhagic transformation in the ischemia territory occurred in 18 to 33% of
treated patients (Table 2).184–186

Obstructions of the vertebral and/or basilar arteries and the subsequent ischemia can produce
considerable disability.218,219 Nenci et al first demonstrated clinical improvement after local
intra-arterial treatment of symptomatic basilar artery thrombosis.220 One retrospective
comparison of clinical outcome in 43 patients who received intra-arterial u-PA or SK with
22 patients who received conventional therapy (i.e., heparin) suggested considerable
survival benefit in those demonstrating recanalization.221 Subsequent reports have supported
recanalization efficacy with these agents.186,222,223 However, significant hemorrhagic
transformation also occurs in this setting. Current practice is approached on a case-by-case
basis with the option for instrumentation in some. There have been no level 1 studies of the
several techniques now available or in evolution with regard to clinical benefit superiority.

In the early 1990s, A. Sasahara expressed interest in developing an indication for
recombinant scu-PA (rscu-PA, rpro-UK) in the acute direct intra-arterial dissolution of
thrombi in the cerebral artery territories in ischemic stroke. The Prourokinase in Acute
Cerebral Thromboembolism (PRO-ACT) study was the first and only randomized double-
blinded placebo-controlled examination of PAs by intra-arterial infusion to demonstrate
benefit.6 In that phase II study, direct arterial infusion of rscu-PA (6 mg) into the thrombus
face was compared with placebo also delivered en face for recanalization of M1 and M2
MCA occlusions and safety outcomes.6 Overall, rscu-PA produced a significant increase in
MCA recanalization. Hemorrhagic transformation also increased but was within the
prescribed safety limits. Heparin infusion in both cohorts was required to prevent catheter
thrombosis, with dosing based on contemporary interventional practice.6 However, it was
determined that both recanalization and hemorrhage risk were heparin dependent.

A follow-on open study, PROACT-2, randomized patients with symptomatic proximal
MCA occlusions to rscu-PA (9mg) or to catheter placement only (without agent infusion)
for recanalization and for 3-month disability outcome.224 Both groups also received heparin.
Recanalization was significantly greater with rscu-PA (65.7%) than no intervention (18.0%),
as was the frequency of symptomatic intracerebral hemorrhage. The proportion of patients
with no or minimal disability (mRS = 0 to 1) was not significantly different between the two
groups, whereas rscu-PA was associated with a marginally significant improvement in
outcome measured as mRS = 0 to 2 at 90 days. The development of rscu-PA has terminated,
and it is not available for clinical use.
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Currently, PROACT is the only level 1 study of the intraarterial direct infusion of a PA to
demonstrate improved recanalization frequency, whereas PROACT-2 is the only to study to
provide a hint of clinical efficacy. Importantly, co-infusion with an anticoagulant modulates
both recanalization and hemorrhagic risk. There have been no subsequent placebo-controlled
studies; however, a comparison of intravenous with intra-arterial infusion rt-PA has been
completed.

Defibrinogenating Agents
Reduction of fibrinogen to 100 mg/dL by the defibrinogenating agent ancrod has been
considered safe in patients with ischemic stroke.225,226 The decrease in plasma fibrinogen
results in decreased viscosity, relative increased flow, and—potentially— limitation of
thrombus formation. In New Zealand white rabbits, ancrod has been shown to increase
circulating PA activity acutely.227

In one prospective randomized study (the Stroke Treatment with Ancrod Trial [STAT]),
favorable outcome was more frequent in the ancrod-treated group (42.2%) than in the
placebo-treated group (34.4%) in a prespecified covariate-adjusted analysis (taking into
account baseline stroke severity).226,228 Intracranial hemorrhage was moderately more
frequent in the ancrod group. A parallel study (the European Stroke Treatment with Ancrod
Trial [ESTAT]) showed no advantage to ancrod.229 Differences in features between the two
studies suggested conditions for two new trials to test the potential benefit of rapid
defibrinogenation in the treatment of ischemic stroke within 6 hours of symptom onset.
However, no difference in the efficacy outcome (“positive responder status”) was observed
in a combined 500 patients randomized to multiple-day dosing with ancrod or placebo.230

Treatment levels intended for fibrinogen were reached in > 90% of the ancrod patients.
Hence, no further work with this agent in stroke has been undertaken.

Thrombotic Events Associated with CNS Injury
Sagittal Sinus Thrombosis

Cortical vein thrombosis can occur in neonates, pediatric patients, and adults. In adults,
sagittal sinus thrombosis can accompany local inflammation, thrombophilic states (including
anticardiolipin or antiphospholipid antibodies), sickle cell disease, pregnancy, or birth
control agents; it can also be idiopathic. A recent epidemiologic report underscores the
relative lower morbidity of this condition compared with ischemic stroke.231 Generally, the
treatment of choice for cortical venous thrombosis includes heparin anticoagulation
followed by warfarin oral anticoagulation to a target INR of 2.5. Petechial hemorrhage is a
common finding accompanying sagittal sinus thrombosis. Reports to date with PAs are
anecdotal. Recovery in patients receiving u-PA232 or rt-PA233–235 by local direct infusion
have been presented. Wasay et al suggested, about a nonrandomized comparison, that
neurological outcome was superior in patients with sagittal sinus thrombosis who received
local infusion of u-PA with heparin compared with heparin alone.236 There has been limited
reported experience with u-PA in neonates and children with cerebral venous sinus
thrombosis, with various outcomes.237 Those reports suggest the need for a controlled study
of directed PA infusion against anticoagulation.

Retinal Vascular Thrombosis
Retinal vascular occlusive disorders include central retina artery thrombosis and retinal vein
thrombosis. Retinal vascular occlusions are commonly related to carotid artery stenosis238

but may also be associated with evidence of circulating anticardiolipin antibodies,239 as in
retinal vein occlusion. Fibrinolytic agents have been used successfully in some patients with
retinal artery and retinal vein occlusion.240,241 These have often been followed by oral
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anticoagulation. Partial recovery of form vision in some patients with acute central retinal
artery occlusion has been reported.242,243 More recently, limited prospective series and trials
of systemic rt-PA have been undertaken.244,245 A trial of rt-PA is also planned.246 Access to
the occluded retinal circulation by interventional methods has been proposed for local
delivery of a PA.247,248

Pertinent Queries
The experience with PAs in CNS ischemic disorders has raised questions concerning patient
care. Several variables in the treatment of patients presenting with ischemic stroke affect
both the safety and efficacy of specific PAs. Many of these issues have been addressed in
successive acute intervention trials. For these, specific conditions are better defined for the
intravenous application of rt-PA than the intra-arterial delivery of specific PAs available at
the time. Major concerns, including the dose and effect of rt-PA or other PAs, the
appropriate time to treatment, and the adjunctive use of antithrombotic agents, have
sufficient information available with which to provide a reasonable response.

Dose-Rates and Efficacies of PAs
Based on earlier work with rt-PA in the setting of MI, researchers investigated whether
doses of rt-PA (alteplase) exceeding 1.0 mg/kg were associated with an increased frequency
of intracranial hemorrhage in patients unselected for CNS disease.249,250 The run-up to the
NINDS-sponsored trial included a dose-escalation for safety (CNS hemorrhage) phase.5

This underscored the doses chosen for usage (total 0.9 mg/kg, with 10% of the total dose as
bolus) in the NINDS trial and 1.1 mg/kg in the ECASS trial.66 Concerns that these dose
rates could be excessive has led to a careful re-examination by Mori in Japanese
populations.251 Currently, in Japan and other Asian countries, dosing is 0.6 mg/kg,252,253

which has shown near equivalent outcomes to the higher dose rates used in the United
States, Europe, and select other regions.251 Ironically, this lower dose rate is now being
tested in predominantly Caucasian populations.

An important component of the strategy to develop PAs for acute use in ischemic stroke has
been the careful dose escalation of the PA.5,8 An exception was the early development of
rαDS-PA, in which dosing was assumed—and proved excessive —resulting in unacceptable
intracerebral hemorrhage.215 The dosing was not based on thrombolytic efficacy.
Subsequent studies refined the dosing of rαDS-PA on a per-weight basis.

Time to Treatment (Acute Intervention)
With regard to the outside time for treatment (“treatment window”), the early (1980s) work
took two paths: (1) time limits were based on anecdotal evidence from intra-arterial PA
infusion studies in which some patients presenting within 6 hours after symptom onset
demonstrated recanalization and improvement, the impact on vertebrobasilar ischemia, and
the requirement for time to complete CT and angiographic studies in each patient; and (2)
the shorter limit (3 hours) chosen to reflect the need for rapid intervention, based on
presumed efficacy, where angiographic studies were not employed. Both strategies have
provided data supporting safety and efficacy with intravenous rt-PA, for instance.5,8 The
current trend is to prospectively seek evidence that a longer time from symptom onset could
be suitable for patients with carotid artery territory ischemia. This approach refers to the
early anecdotal experience and seeks to make systemic infusion rt-PA available for more
patients. Additionally, the approach seems reasonable given various meta-analyses based on
published data, the known variability in outcomes among prospective trials, and the
potential variability in collateral protection among treatment populations. Meta-analyses
reported to date are redundant; however, they reflect the known variability among
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prospective trials with respect to study populations. To date no per-patient analyses have
been performed, which would be particularly revealing about the nature of the neurologic
deficit severity and outcome potential relative to the time to treatment. Nonetheless, there is
unanimous agreement that patients must be brought to treatment within the shortest time
possible.

Hemorrhagic Transformation
Among the antithrombotic agents, PAs produce the largest increase in detectable
intracerebral hemorrhage when applied to ischemic stroke patients compared with no
intervention.5,66,196,200 This increase is in part dependent on the time to intervention from
the onset of ictus (Fig. 1),8 implying that the duration of ischemic injury evolution is central.
This has been suggested by experimental models.254 The mechanisms are not worked out
but are likely to involve the integrity of the microvasculature.75,76 Additionally, other
clinical attributes associated with hemorrhage in the setting of rt-PA are listed in Table 4.

Notably, there has been considerable variation observed in the frequency of symptomatic
hemorrhagic transformation among the four level 1 trials of acute intravenous rt-PA
treatment in ischemic stroke.5,6,66,196,200,224 Although one would expect that the frequency
of symptomatic hemorrhagic transformation of the placebo group should not vary from
study to study, there has been considerable variation observed, with the lowest frequency
associated with earliest treatment.5 This, however, suggests considerable population
variation among the studies, even though three studies were conducted with the same group
of collaborators.66,196,200 Importantly, the frequency of symptomatic hemorrhage (PH1 and
PH2) among the acute rt-PA cohorts in the same studies also varies, and in a linear fashion
relative to the placebo patients. Hence, the risk of hemorrhagic transformation in patients
receiving rt-PA within 6 hours of symptom onset depends on the risk of hemorrhagic
transformation in the population as a whole and varies among studies rather than being
static. This indicates that the risk of hemorrhage is population dependent, and that
undisclosed attributes of these populations are at play within and among the studies. There is
little insight currently into the relevant biological characteristics of those patients that might
be at play; however, these could include variations in hypertension, microvessel structure,
permeability barrier stability, and collateral circuits, among others factors. The range in
injury evolution suggested by the breadth in entry window, as well as genetic factors, may
also play a role.

Important to this observation is the definition of hemorrhagic transformation, which is best
seen in the ECASS III study.200 Here the frequency of PH2 varied linearly with the
definition over a range of 1.9 to 7.9% among patients treated with rt-PA. This does not
change the contribution of the population composition to this risk.

Collateral Preservation versus Primary Arterial Occlusion
Development of the use of PAs for acute intervention in ischemic stroke focuses on
thrombotic/thromboembolic occlusion of the primary symptomatic brain-supplying artery. It
is assumed that arterial recanalization and returned perfusion to the territory-at-risk is
responsible for the clinical improvement. An alternate, or parallel, hypothesis is that
preservation or opening of latent collateral circuits, and/or restitution of flow through the
affected microvasculature, could improve tissue preservation/recovery. The clinical
evidence for these elements is sparse; however, experimental model studies are consistent
with the latter.255
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Baseline Perfusion Characteristics
The possibility that the injury evolution in its early stages can be aborted by arterial
recanalization, and the variability in outcome, have emphasized the need to better
understand the natural history of injury evolution in the territory-at-risk and its contributions
to selection of patients who could benefit from thrombus lysis. The hypothesis states that
baseline clinical status can be a predictor of outcome. Employing 1.5T MR with rapid
analysis, subgroups of stroke patients who received rt-PA treatment 3 to 6 hours after
symptom onset could be identified with a “target PWI/DWI mismatch” at baseline who
displayed a “favorable response” following early reperfusion.92 In the follow-on DEFUSE 2
study, high–field strength MR examination of the “target mismatch” group displayed a
significantly greater clinical response (mRS = 0 to 2) associated with reperfusion than was
seen in the “no target mismatch” group, a benefit that extended to 90 days.256 No impact on
PH was observed.

Adjunctive Use of Antithrombotic Agents
Independent studies have examined the impact of antiplatelet agents and anticoagulants in
the treatment of patients for secondary prevention of ischemic stroke on the background of a
primary event. The notion is that an additional antithrombotic agent should reduce the PA
requirement, improve the downstream benefit, and have less hemorrhagic risk. It is clear that
all antithrombotic agents carry a risk of increasing the intracerebral hemorrhagic risk.
Antiplatelet agents, generally, have a low risk of inducing hemorrhagic transformation,
whereas anticoagulants have a significantly higher associative risk. The contribution of these
agents to the risk of hemorrhage in the setting of the acute use of rt-PA in ischemic stroke
patients is, therefore, of some interest. In the case of anticoagulants, the acute management
of patients with PAs depends on the mode of delivery.

Antiplatelet agents—The potential effects of antiplatelet agents on the outcome of acute
PA use in ischemic stroke depend on the point of view. A rather paradoxical situation
attends the use of antiplatelet agents; for instance, whether antiplatelet agents (most
commonly, ASA) (1) can produce an increased risk of hemorrhagic transformation by the
acute use of rt-PA or (2) can, through controlled use, decrease the requirement for the PA
(i.e., rt-PA) and thereby decrease the risk of hemorrhage while maintaining efficacy. In the
latter case, a potent antiplatelet agent could be used to maintain or increase microvessel
patency46 or to enhance the dissolution of the arterial occlusions and/or prevent reocclusion.

Studies of rt-PA (duteplase) did not stratify for the use of aspirin.8 However, in one study,
there appeared to be no difference in the incidence of hemorrhage in patients who received
at least 325 mg/day ASA. Similarly, in the NINDS-sponsored study, there did not appear to
be, overall, an increased risk of hemorrhagic transformation in the setting of ASA. In
general, patients who have received aspirin recently are not excluded from the use of rt-PA
in the acute setting.

Agents that interfere with the binding of platelets to fibrinogen via the integrin αIIbβ3
receptor promote an increased risk of hemorrhage. Both rodent and nonhuman primate
models of focal cerebral ischemia displayed a significant increase in debilitating
hemorrhagic transformation during early focal ischemia when organic inhibitors have been
applied.46,50 Dose rates of two agents were realized that did not substantially increase the
risk of hemorrhage and, in one instance, supported efficacy.46,50 However, the therapeutic
window was relatively narrow for this behavior in both cases. The use of the anti-integrin
αIIbβ3 antibody construct abciximab was tested clinically in both phase II study and phase
III outcome studies. No substantial increase in efficacy was seen in the phase II study,
though the hemorrhagic transformation did not appear to be increased.257 However, the
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subsequent phase III study was terminated because a significant increase in symptomatic
hemorrhage was seen (in the setting of the use of rt-PA).

To test the possibility that an antiplatelet agent could improve outcome and, therefore, allow
reduction of the dosing of the PA, a prospective randomized trial of rt-PA with or without
the αIIbβ3 antagonist eptifibatide (the Combined Approach to Lysis Utilizing Eptifibatide
and rt-PA in Acute Ischemic Stroke [CLEAR Stroke Trial]) was undertaken. Eptifibatide at
low doses provided a safe adjunct to decreased doses of rt-PA.258 That study showed the
safety of the applied dosing of eptifibatide. Recently, the Combined Approach to Lysis
Utilizing Eptifibatide and rt-PA in Acute Ischemic Stroke - Enhanced Regimen (CLEAR-
ER) has begun comparing rt-PA (0.6 mg/kg total) and eptifibatide (bolus 135 µg/kg and 2-
hour infusion at 0.75 µg/kg/min) compared with 0.9 mg/kg rt-PA in patients with ischemic
stroke that can have the rt-PA initiated within 3 hours of symptom onset.

Anticoagulation—The use of anticoagulants in ischemic stroke has several features,
including their use adjunctively in intra-arterial PA infusion formats, and their potential to
increase the hemorrhagic risk of PAs.

In the intra-arterial infusion studies of rscu-PA (PROACT), heparin was employed to
maintain sheath patency for intraarterial catheter PA delivery. That study was the first
indicator in the clinical setting that an anticoagulant could modify both safety and efficacy
of the PA.6 In that instance, an increasing (albeit small) frequency of intracerebral
hemorrhagic events dictated a review of the dosing pattern such that when the heparin dose
rate was decreased, there was a consequent reduction in hemorrhagic transformation
paralleled by a decrease in recanalization efficacy.6 Overall, the study demonstrated no
particular increase in the instance of symptomatic intracerebral hemorrhage. The heparin
dosing scheme applied here was used in a subsequent open study of pro-urokinase by intra-
arterial delivery. The incidence of hemorrhage in that setting was 10.2% compared with
1.9% (control).224

Limitations on the use of oral anticoagulants for patients who are candidates to receive rt-PA
intravenously are part of the exclusion criteria.5 For instance, the current licensing in North
America requires an INR < 1.5 for the patient to receive rt-PA in the acute setting. Other
guidelines have proposed a threshold of INR < 1.7. The more conservative INR threshold is
appropriate for instrumentation and surgical procedures. Patients receiving warfarin
anticoagulation must have their INR adjusted to the appropriate threshold.

Oral antithrombins and anti–factor Xa inhibitors—The new oral antithrombotics
dabigatran, rivaroxaban, and apixaban have recently come available for primary prevention
of non-valvular AF due to their noninferiority to warfarin in this setting. Their use has been
associated with a significant reduction in the incidence of hemorrhage in patients presenting
with stroke who have been treated for nonvalvular AF.137,138,140,141,259 The mechanisms for
the apparent safety benefits in this setting have not been determined.139 However, it has
been suggested that, because these agents each target a single coagulation factor interaction,
and oral anticoagulation with warfarin targets multiple areas, including Factor VIIa activity,
the more specific inhibitors would be expected to have a lower incidence of hemorrhagic
risk.

An associated concern with the use of both classes of oral anticoagulants is the absence of a
commercially available neutralizing agent and a test to determine the circulating
concentration in real time. Without a convenient ability to reverse the anticoagulant effects
of dabigatran (except for dialysis), the potential additional risk of hemorrhage achieved with
acute rt-PA use when dabigatran is not removed makes patients receiving dabigatran
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unsuitable for rt-PA treatment for many centers. A similar situation holds for rivaroxaban
and apixaban, where reversal of activity could promote thrombosis.

Adjunctive Use of Intra-Arterial and Mechanical Thrombus Extraction Techniques
In part because of the lower frequency of thrombus dissolution with systemic delivery of rt-
PA, combination with thrombus extraction methods has been contemplated. A series of
studies have attempted to test strategies that could increase recanalization of the
symptomatic brain-supplying artery to enhance tissue perfusion and improve outcome. So
far, there has been little evidence of additional benefit. The Interventional Management of
Stroke (IMS) study, a phase II trial, examined 80 patients with a median NIHSS score of at
least 10 who received rt-PA (0.6 mg/kg over 30 minutes) within 3 hours and had additional
rt-PA administered directly by microcatheter.260 The combined approach was found to be as
safe as rt-PA alone. IMS II examined the impact of rt-PA infusion via a specific
microcatheter after intravenous rt-PA infusion (0.6 mg/kg over 30 minutes) and
demonstrated comparable safety with rt-PA alone.261 The follow-on phase III randomized
open-label IMS III study of the same design (in a projected 900 patients) has been halted as
of this writing. Hence, it is unclear whether the combination of systemic and intra-arterial
delivery of rt-PA will have any advantage in this format.

Reocclusion
Rethrombosis of a documented occlusive lesion previously lysed in a brain-supplying
cerebral artery has been observed, although the incidence is small. Several anecdotal reports
indicate reocclusion of a thrombosed artery subject to local intra-arterial rt-PA infusion or
instrumentation with successful re-establishment of flow.262,263 Cessation of flow following
successful intravenous rt-PA infusion has been reported.264 On the basis of those reports, an
open-label prospective treatment of patients receiving rt-PA within 4.5 hours with either
intravenous ASA (300 mg) or placebo within 24 hours of rt-PA treatment was undertaken,
with clinical (not angiographic) outcome.265 That study was terminated for futility of the
clinical outcome, but it also demonstrated a significantly higher incidence of symptomatic
intracerebral hemorrhage in the ASA arm (4.4%) compared with the placebo arm (1.6%).
Here the assumption was made that reocclusion would lead to neurological deterioration,
although no proof of thrombus lysis or reocclusion was made. Although reocclusion is
apparent in intra-arterial thrombus lysis, its contribution to outcome is not defined.

Outcomes Measures
Currently the mRS score measured at 90 days after symptom onset is taken as a useful
measure of outcome, often dichotomized to mRS of 0 to 1, and the remainder. Reliance on
an mRS of 0 to 1 provides a consistent appreciation that the residual deficit has resolved
completely and/or that the patient does not recognize a residual deficit. An mRS of 0 to 2 is
more problematic in that it allows a residual deficit that is more severe than baseline,
suggesting a perceptual deficit, moderate motor deficit, or inability to gauge the deficit. This
uncertainty about mRS = 2 deficits undermines the purpose of such scales to quantify
outcome. Therefore, it is uncertain what is meant when an outcome between two treatments
is not significant for an mRS of 0 to 1 but is of marginal significance for an mRS of 0 to 2,
particularly if the analysis is post hoc.5,66,194

The NIHSS score, developed during the NINDS sponsored rt-PA trial, has provided a
measure of neurological status weighted for motor defects.5 All neurological scales appear
to provide related results and relatively agreeable determinants of neurological deficit.266

Because the scales employed so far have a nonlinear relation to the actual deficits and are
ordinal in nature, appropriate statistical methods are required. Nonetheless, all of the
neurological scales depend on changes in motor ability in the affected territory. Examination
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of data from the rt-PA (duteplase) dose-escalation trial demonstrated that simple distal upper
extremity movement correlated well with recanalization.8,267 The durability of the outcome
following acute intervention was shown by the benefit seen at 12 months.194

Limitations of current scales and quantitative methods are inherent in the variability in
deficits observed at baseline in clinical trials and the overall tendency for deficits to improve
even in the absence of intervention.55 Wityk et al demonstrated a standard deviation of two
NIHSS scale points at each determination, suggesting that improvements based on of a
transit of 4 NIHSS scale points is significant while encompassing two SDs.55 Other scale
systems, including the Oxford handicap scale (OHS), the Glasgow outcome scale, and the
Barthel index have been employed. Congruence of multiple scale outcomes has been offered
as demonstration of the strength of the treatment effect.5 Little work has been performed on
the issue of the relation between neurological and clinical outcome and the degree of
recanalization.267

Future Efforts
Several issues concerning the acute use of PAs in the setting of thrombotic and
thromboembolic stroke remain unexplored. Pursuit of these may be helpful to the refinement
of their clinical use in this setting and to understanding the development of ischemic injury.
Plasmin plays as-yet poorly understood roles in the CNS. Among these are the role of PAs
in dendritic development and the separate roles in the antithrombotic milieu of the
microvasculature. If and how both settings might modulate neuron injury is still poorly
understood. Furthermore, there is so far little evidence that the events pursued in model
systems impact the clinical outcome of patients.

Relevant to the clinical use of rt-PA and other PAs are the still poorly understood
mechanisms of alterations in microvessel and hemorrhagic transformation. Reduction in
hemorrhagic risk is necessary to improve clinical outcome. Knowing the specifics of
cerebral tissue injury is required, as is knowing how PAs can alter these. The processes
involved in the loss of microvessel integrity are also poorly understood—in particular, the
manner in which the extracellular matrix is altered during focal ischemia and how astrocyte
and endothelial cell function can be preserved. Central to these investigations are the cell-
cell and cell-matrix interactions that determine the integrity of the neurovascular unit.
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Fig. 1.
Incidence of hemorrhagic transformation relative to the time of initiation of treatment with
recombinant plasminogen activator (duteplase) relative to symptom onset.8 The relative
incidence of hemorrhage types is depicted. The absence of hemorrhage (NIL) detected by
computed tomography scan at 24 hours after treatment was judged against hemorrhagic
infarction (HI) and parenchymal hemorrhage (PH). Please see the text for definitions.
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Table 1

Acute intervention

Conditions Contributor

Conceptual The “penumbra”

Conceptual Intervention within hours of ischemia onset would reduce subsequent injury and hemorrhage

Tissue imaging Availability of CT technology to rule out cerebral hemorrhage as a cause for stroke; detection of
hemorrhage as safety outcome

Vascular imaging Angiographic demonstration of occlusion in symptomatic territories

Trial design Adoption of appropriate trial design principles

Centers Necessary involvement of multiple centers

Outcomes Development of outcomes for recanalization and for clinical status
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Table 4

Contributors to hemorrhagic transformation

Factors Agent

Time from symptom onset rt-PA (duteplase)

Diastolic hypertension rt-PA

Low body mass rt-PA

Age rt-PA

Atrial fibrillation rt-PA

“Early” signs of ischemia rt-PA
rscu-PA

Plasminogen activator (e.g., rt-PA) rt-PA

Abbreviations: rscu-PA, recombinant single-chain urokinase plasminogen activator; rt-PA, recombinant tissue-type plasminogen activator.
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