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Summary: Alteplase (rt-PA) is the first therapy successfully
developed for acute stroke therapy. The success of rt-PA spurred
development of new avenues for acute stroke management. For
the last two decades, a great deal of attention has been paid to
neuroprotective therapies. Initial preclinical studies demonstrated
numerous drugs are effective for treating acute stroke in animal
models; however, subsequent clinical trials have been frustrating,
and none of the agents has proven effective. The various outcomes

of preclinical and clinical trials have been the subject of much
discussion. In this article, we review some key neuroprotective
trials and the possible reasons for their failures. By identifying the
discrepancies between preclinical studies and clinical trials, we
may be able to set guidelines for future effective trials. Key
Words: Neuroprotection trials, glutamate antagonists, anti-
inflammatory agents, ion channel blocks, free radical scaven-
gers, neurotrophic factors, neural stem cells.

INTRODUCTION

Stroke is the leading cause of adult disability and
remains the third most common cause of death in indus-
trialized nations.1 Physicians have remained helpless re-
garding protection and recovery of neurons from isch-
emic insults. However, alteplase (rt-PA) was recently
approved in the United State and Europe for acute stroke
therapy. The success of rt-PA has revolutionized acute
stroke management and proved that stroke is a treatable
disease. This fueled the interest in the development of
neuroprotective therapies.

The concept of neuroprotection mainly came from the
studies of the pathology and pathophysiology of isch-
emic brain injury. It has been well documented that
abrupt deprivation of oxygen and glucose to neuronal
tissues elicits a series of pathological cascades, leading to
spread of neuronal death. Of the numerous pathways
identified, excessive activation of glutamate receptors,
accumulation of intracellular calcium cations, abnormal
recruitment of inflammatory cells, excessive production
of free radicals, and initiation of pathological apoptosis
are believed to play critical roles in ischemic damage,
especially in the penumbral zone. Thus, it is logical to

suggest that if one is able to interrupt the propagation of
these cascades, at least part of the brain tissue can be
protected.

For the last two decades, neuroprotective agents de-
signed to block these cascades (Table 1) have been in-
vestigated in animal models of cerebral ischemia. Nu-
merous agents have been found to reduce infarct size in
rodent, rabbit, and primate stroke models.2–5 However,
translation of neuroprotective benefits from the labora-
tory bench to the emergency room has not been success-
ful. According to a recent review,6 of 178 controlled
clinical trials that were published in the stroke-related
literature, more than 100 were related to neuroprotection.
Reasons for the failures have led to intense discussion for
the last several years.7–10 In this review, we will discuss
some of the key trials of neuroprotective therapy, poten-
tial problems leading to the failures of these trials, and
possible correction of those mistakes, which may form a
basis for future trials.

NEUROPROTECTIVE TRIALS: FAILURES
BUT WORTH MENTIONING

Glutamate antagonists
Some of the most studied neuroprotective agents are

glutamate antagonists. Glutamate is the most common
excitatory neurotransmitter in the CNS and is released
excessively during ischemia.11 Various postsynaptic
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neuron receptors are activated by glutamate including
NMDA, AMPA, KA, and metabotropic receptors. Acti-
vation of most of these receptors is associated with cal-
cium ion (Ca2�) influx with secondary Ca2�-mediated
cellular enzymatic activation leading to cell damage and
cell death including necrosis and apoptosis.

Accordingly, glutamate receptor antagonists were
tested in numerous preclinical and clinical trials. Three
agents were tested in well-controlled trials with negative
results. Selfotel12 is a potent competitive glutamate re-
ceptor antagonist but acts on various sites of the gluta-
mate receptor complex. Eliprodil13–15 is a strong antag-
onist that acts on the polyamine modulator site.
Aptiganel (Cerestat, CNS 1102)16,17 is a non-competitive
NMDA ion channel blocker with a relatively short half-
life. Phase III trials with eliprodil showed no efficacy on
futility analysis, and accordingly, the trial was stopped.
The phase III trial with selfotel was terminated because
of an increase in the adverse event to benefit ratio. A
phase III trial of aptiganel again found it ineffective for
acute stroke therapy.

Despite their psychiatric and cardiovascular side ef-
fects, a role for glutamate receptor antagonists in neuro-
protection may still exist. Less toxic drugs have been
tested as possible glutamate antagonists in stroke. Mag-
nesium is a calcium channel blocker and specifically
antagonizes NMDA receptor-mediated calcium influx.18

The potential neuroprotective role effect of magnesium
is being studied in two ongoing phase III clinical trials.
In one trial, MgSO4 is administered within 2 h of isch-
emic stroke onset,19 and the other requires administering
intravenous magnesium sulfate within 12 h after isch-

emic stroke onset (the Intravenous Magnesium Efficacy
in Stroke trial).

YM872, an AMPA (alpha-amino-3-hydroxy-5-meth-
ylisoxazole-4-propionate) receptor antagonist has been
proven to be neuroprotective in a rat middle cerebral
artery (MCA) occlusion model,3 and an ongoing phase
III trial in North America is assessing its potential effi-
cacy in conjunction with t-PA thrombolysis. No trials
with metabotropic glutamate receptor agonists/antago-
nists have been conducted.

Anti-inflammatory agents
Neuroprotection may be achieved by targeting the in-

flammatory processes and mediators that contribute to
the production of brain injury following ischemic stroke.
Enlimomab, a murine anti-intracellular adhesion molecule
(ICAM)-antibody specific to the human receptor ICAM-1
receptor, was studied in preclinical and clinical trials. By
blocking the ICAM-1 receptor, and thus inhibiting neutro-
phil adhesion and migration through the vascular endothe-
lium, Enlimomab was shown to reduce the damage in
stroke models.20,21 However, the clinical trial failed; pa-
tients who received Enlimomab were harmed relative to
placebo controls. Another agent, LeukArrest (Hu23F2G), is
a monoclonal antibody that targets the neutrophil CD11/
CD18 cell adhesion molecule. A phase III trial of LeukAr-
rest in patients who had an ischemic stroke was terminated
because the interim results were unfavorable (see Hu23F2G
phase III stroke trial, in the Internet Stroke Center Stroke
Trials Directory, http://www.strokecenter.org/trials/).

Recombinant neutrophil inhibitory factor (rNIF) is a
hookworm-derived agent. It reduces the inflammatory

TABLE 1. Families of Neuroprotective Agents and Their Prototype Drugs

Proposed Mechanism of Neuroprotection Drugs Clinical Trials and Results

Glutamate receptor antagonists
NMDA antagonists Selfotel (CGS19755) Complete/no benefit

Eliprodil Halted/no benefit
Aptiganel (Cerestat, CNS1102) Complete/no benefit
MgSO4 Ongoing/result pending

AMPA antagonist YM872 Ongoing/result pending

Ion channel modulators
Calcium channel blockers Nimodipine Complete/no benefit

Flunarizine Complete/no benefit
Sodium channel blockers Fosphenytoin Complete/no benefit
Potassium channel activator Maxipost (BMS-204352) Complete/no benefit

Anti-inflammatory agents Enlimomab Complete/worsening
LeukArrest (Hu23F2G) Halted/no benefit
rNIF Halted/no benefit

Free radical scavengers Tirilazad (U70046F) Complete/no benefit
Citicoline (cytidyl diphosphocholine) Complete/no benefit
Ebselen Ongoing/result pending
NXY-059 Ongoing/result pending
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cascade by inhibiting the polymorphonuclear leukocyte
(PMN) adhesion to the endothelium. It was established to
be neuroprotective in a stroke model in rats following
MCA occlusion.22 Recently, a European phase II trial
studied this agent using an Bayesian Adaptive Design
method, in which the agent is administered in a range of
doses. An estimate of the dose-response curve is per-
formed to deduce the most effective dosing regimen. The
trial was terminated in 2003 and the results are still
pending (J.A. Zivin, personal communication).

Ion channel modulators

Calcium channel blockers. Activation of intracellular
destructive enzymes results from abnormal calcium in-
flux during ischemic-triggered cascades, which leads to
brain tissue damage.23 Therefore, calcium channel block-
ers might potentially have a neuroprotective role. Nimo-
dipine is a dihydropyridine calcium channel blocker; it
dilates the intracranial circulation and might be benefi-
cial if it improves the regional blood flow in the margins
of the brain infarct.5 This drug was studied using multi-
ple doses in 1,064 patients treated within 48 h from
stroke onset. No overall benefit was found,24 although a
meta-analysis showed a statistically significant effect of
one of the doses when the drug was administered within
12 h.25 Very Early Nimodipine Use in Stroke was an-
other clinical trial that used nimodipine within 6 h after
stroke onset.26 The trial was ended prematurely because
of lack of benefit on a futility analysis. Moreover, upon
reviewing 47 trials that included 7,665 patients and that
used calcium antagonists for stroke therapy, Horn et al.26

found no benefit of these agents in stroke therapy.
Sodium channel blockers. The anti-convulsants phe-

nytoin and fosphenytoin (a disodium phosphate ester of
3-hydroxymethyl-5,5-diphenylhydantoin) have been shown
to decrease the amplitude of sodium-dependent action po-
tentials27 and to block voltage-dependent calcium entry into
synaptosomes.28 Fosphenytoin has better aqueous solubility
and less irritant properties than intravenous phenytoin and is
rapidly converted to phenytoin after intravenous adminis-
tration.29 Fosphenytoin was studied in a phase III trial for
stroke to establish whether it has any neuroprotective ef-
fects but the trial was terminated because interim analysis
failed to show a benefit.

Potassium channel activator. Preclinical studies in
animal stroke models showed a neuroprotective role for
Maxipost (BMS-204352; Bristol-Myers Squibb, New
York, NY), an activator of neuronal potassium channels. Its
neuroprotective effect is produced by inducing neuronal
hyperpolarization and decreasing the release of excitatory
amino acids.30 A clinical phase III trial was terminated
because of failure to show benefit.

Free-radical scavengers
As mentioned above, during the ischemic cascade,

there is production of highly reactive oxygen free radi-
cals due to reducing conditions, including excessive ex-
citation of excitatory amino acid receptors.31 Oxygen
free radicals beget oxygen free radicals in a vicious cycle
that causes destruction of cellular membranes. Accord-
ingly, the free oxygen radical scavengers might have a
potential neuroprotective role. Preclinical studies using
those agents showed effectiveness in reducing neurolog-
ical damage in some animal models.32 Clinical trials have
tested tirilazad (U70046F) in patients with ischemic stroke,
subarachnoid hemorrhage, and head injury.33 A phase III
acute stroke study was terminated prematurely because of
the lack of significant benefit on an interim analysis, and
another similar clinical trial was also negative.34

Citicoline (cytidyl diphosphocholine) was studied in
preclinical and clinical trials. It is a phosphatidylcholine
precursor that has membrane stabilization properties, but
it also might have other neuroprotectant mechanisms.
Preclinical studies in animal stroke models showed that
citicoline improved neurological outcome and infarct
size.35,36 However, the clinical phase III trials with vary-
ing dosing schedules did not show efficacy.37

NXY-059 is a nitrone-based free-radical-trapping
agent which has been proven to reduce the infarct size in
the transient and permanent MCA occlusion rat stroke
models when administered up to 8 h after onset of isch-
emia.38 It was also shown to improve the neurologic
outcome (measured by performance scores) 3 weeks and
10 weeks after the stroke, and to reduce the infarct size
in a marmoset stroke model when administration was
delayed for up to 4 h after stroke onset.39 Improvement
in neurologic function has also been established in a
rabbit embolic stroke model40as well as in a hemorrhagic
rat stroke model.41 A safety trial tested NXY-059 in
stroke patients and this agent was found to be safe in
doses that were neuroprotective in the animal models.42

Accordingly, a clinical trial phase IIb/III has been de-
signed and started. NXY-059 is to be given within 6 h
from stroke onset, and in combination with t-PA.

�-Aminobutyric acid receptor antagonists
Clomethiazole is a �-aminobutyric acid (GABA) re-

ceptor antagonist derived from the thiazole moiety of
thiamine. It has been used as an anticonvulsant, sedative,
and hypnotic agent and for the treatment of alcohol with-
drawal symptoms.43 Clomethiazole interacts with the
GABA receptor and potentiates the effect of the neuro-
transmitter GABA. This agent has neuroprotectant ac-
tions in both global and focal ischemia models, as shown
by various outcome measures such as histopathology,
excitatory amino acid release in vivo, and edema forma-
tion.44 However, a phase III trial that included 1,360
patients failed to show benefit except for the subgroup of
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total anterior circulation strokes (TACS) in which it may
have shown some benefit.45 Diazepam, a GABA antag-
onist, is being investigated for a potential neuroprotec-
tive effects in acute stroke in a multi-centered phase III
European trial with initiation of treatment within 12 h
from onset.

Serotonin agonists
Serotonin agonists may serve as neuroprotectants by

activating postsynaptic serotonin receptors (5-HT1A)
with secondary increase in potassium efflux, inhibition of
cell excitability during the ischemic insult, and protec-
tion of neurons from glutamate-mediated neuronal death.
Repinotan (BAY X3702) is one of these agonists that has
a high affinity for serotonin (5-HT1A) receptors. It has
been shown to reduce excitotoxic neuronal death and
was shown to be an effective neuroprotectant in a rat
focal ischemic brain injury.46 A phase II clinical trial
studied Repinotan in 240 patients and showed a better
neurologic and functional outcome at 4 weeks and 3
months with a dose of 1.25 mg/day for 3 days when the
agent was given within 6 h after stroke onset. A phase IIb
trial has been projected to include 680 patients with a
window of administration of 4.5 h.

Caspase inhibitors
Apoptosis has been suggested to be one of the key

elements in delayed brain injury after ischemic stroke.
One of the important factors in the apoptosis cascade is
caspase activation. Caspases are a group of cysteine pro-
teases that cleave various proteins associated with neu-
ronal apoptosis including poly(ADP-ribose) polymerase
(PARP), DNA-dependent protein kinase, U1-soluble nu-
clear RNA polymerase (U1-snRNP), spectrin, lamin A,
actin, and protein kinase C. Activation of caspases has
been shown in some animal ischemic models, while in-
hibition of caspase activity reduced infarction size in
rodent ischemia stroke models.47,48 Chen et al49 further
demonstrated that caspase inhibitor Z-VAD improved
the survival of grafted bone marrow cells in rats sub-
jected to unilateral MCA occlusion, and significantly
improved their functional outcome. Although evidence
in preclinical studies is reasonable, none of the caspase
inhibitors has yet been tested in a clinical trial, probably
because many of the caspase inhibitors are irreversible
and have poor brain penetration.

Other potential neuroprotective agents
A variety of other drugs that have potential neuropro-

tective properties have also been tested in clinical trials.
Nalmefene (Cervene) is an opioid antagonist with rela-
tive selectivity for kappa opiate receptors. It has been
shown to reduce neuronal ischemic injury by inhibiting
glutamate release.50,51 However, a phase III trial reported
no significant difference in 3-month functional outcome
compared with placebo.52 Lubeluzole is a drug that was

shown to inhibit nitric oxide production and has a num-
ber of other actions. A series of phase I to III trials were
conducted to examine its therapeutic efficacy for isch-
emic stroke. A recent phase III trial failed to show sig-
nificant benefits compared to placebo (J.A. Zivin, per-
sonal communication).

Gangliosides are a family of large-molecular-weight
glycoshingolipids. Preclinical studies indicated that gan-
gliosides may protect neurons by multi-factorial mecha-
nisms, which include normalization of altered protein phos-
phorylation, increasing brain-derived neurotrophic factor
(BDNF) expression, blocking overstimulation of excitatory
amino acid, and stabilization of plasma membrane struc-
ture. A number of experiments in ischemic brain injury
models have shown protection when the ganglioside GM1
was administered.53,54 While preclinical evidence was
moderately convincing, the Italian Acute Stroke Study was
disappointing. The trial enrolled 502 patients within 12 h
after stroke onset with the drug continuously administered
for 15 days. It failed to show any beneficial effects at the
3-month endpoint assessment.55

Neurotrophic factors
Neurotrophic factors are a group of proteins that are

involved in cell proliferation, migration, differentiation
and development of the nervous system. In the adult
CNS, neurotrophic factors are thought to play roles in
normal maintenance and survival of neuronal cells by
keeping cell survival genes activated and suicide genes
suppressed.56 For this reason, deprivation of neurotro-
phic factors in the stroke penumbra may activate neuro-
nal apoptosis and lead to cell death. In preclinical stud-
ies, neurotrophic factors such as nerve growth factor,
BDNF, ciliary neurotrophic factor, glial-derived neuro-
trophic factor, vascular endothelial growth factor, and
insulin-like growth factor (IGF)-1 have all been shown to
reduce infarct size in animal models, both in adult57–59

and immature animals.60,61 However, only basic fibro-
blast growth factor (bFGF) progressed to a clinical trial.
bFGF is a polypeptide of 154 amino acids, which is
present at high levels in brain extracts. It increases neuronal
survival, has trophic effects on brain glial and endothelial
cells and is a potent systemic and cerebral vasodilator.62,63

It has been demonstrated that administration of bFGF after
permanent64 or transient MCA occlusion65 significantly re-
duced infarct volumes. Although a phase I trial in stroke
patients was promising, the U.S. phase II trial was halted
because patients that received bFGF did worse compared to
the placebo group, and the companion European trial failed
to show efficacy.

Neural stem cells
Neural stem cells are able to differentiate and regen-

erate in response to both internal and external stimuli.
They are mainly found in developing brain; however,
neural stem cells were recently found concentrated in the
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subgranular zone of the hippocampal dentate gyrus or the
subventricular zone,66 as well as in other brain regions
including the frontal cortex of adult brains.67 These dis-
coveries suggest that, in certain circumstances, neural
stem cells may be able to regenerate and restore loss of
brain function in injuries such as stroke. In fact, regen-
eration of neurons has been observed in response to
ischemic insults; Takagi et al68 demonstrated an increase
in proliferation of neuronal precursor cells in the hip-
pocampal dentate gyrus in a mouse transient ischemic
model. Nakatomi et al.69 showed cell proliferation in
response to ischemia and subsequent migration into the
hippocampus to regenerate new neurons. Intraventricular
infusion of growth factors markedly augments these re-
sponses, thereby increasing the number of newborn neu-
rons. Furthermore, cell proliferation and differentiation
from ependymal, subependymal, and choroid plexus
cells in response to stroke were also demonstrated.70

However, the therapeutic mechanisms of stem cells have
been controversial. While many researchers expected
neural stem cells grafted into infarct sites to restore func-
tion by “filling in the hole,” Modo et al.71 demonstrated
that implanted stem cells improved behavioral functions
of MCA occluded rats without change of infarction size.
More interestingly, using bone marrow stromal cells,
which have been shown to develop into neuroectodermal
cells including neurons,72 Li et al73 were able to show an
enhancement of functional recovery of MCA infarcted
rats even with bone marrow stromal cells were given
intravenously 24 h after stroke. These studies strongly
suggest that neural stem cells might facilitate stroke re-
covery by mechanisms other than simply replacing lost
neurons.

Even though the therapeutic effects of neural stem
cells on ischemic stroke in animal models are becoming
more and more convincing, they have not yet progressed
to clinical trials. However, a small phase I study was
conducted by Kondziolka et al74 by using LBS-Neurons,
a cell line derived from human teratocarcinoma. LBS-
Neurons were transplanted into the brains of 12 patients
with basal ganglia stroke and fixed motor deficits. The
study demonstrated that there was a mean improvement
of 2.9 points in the European Stroke Scale assessed 12 to
18 months after cell implantation. No adverse effects
were observed during this study period; these results
need to be viewed with great caution. First, LBS-Neu-
rons are cells derived from human teratocarcinoma, and
a 12- to 18-month follow-up may not be sufficient to
ensure the safety of the transplants. Second, this is a
phase I study that was not powered to prove efficacy.

Hypothermia
It has been well documented that mild (34°C) to mod-

erate (32°C) systemic hypothermia protects brain from
some ischemic damage in various animal models. Although

the exact mechanisms are unknown, a reduction of body
temperature, especially brain temperature, may lead to re-
duced cerebral oxygen consumption, decreased intracellular
lysosomal enzyme activity, suppressed free radical forma-
tion, protection of the fluidity of the cell membranes, re-
duced intracellular acidosis, and inhibition of cell damage
mediated by excitatory neurotransmitters.75

Several clinical studies suggested that mild hypother-
mia improved neurologic outcome in patients after car-
diac arrest. A case-control multi-center trial demon-
strated that cardiac arrest patients who were treated with
mild externally applied hypothermia (33°C) had signifi-
cantly better neurological outcome and less mortality
than those who were maintained normothermic.75 Acute
hyperthermia, on the other hand, has been associated
with a higher mortality rate 1 year post-cardiac-arrest, as
compared to normothermic patients.76

Recently, Krieger et al77 published a pilot study, in-
vestigating moderate hypothermia therapy in ischemic
stroke. Nineteen patients with major acute ischemic
stroke [National Institutes of Health Stroke Scale
(NIHSS) �15] were randomly assigned to either hypo-
thermic (32°C) or control (maintained normothermic)
groups. Patients in the hypothermic group were subjected
to surface cooling with a cold blanket. The therapeutic
window for hypothermic treatment was 6 h after stroke
onset, and thrombolytic therapy was given whenever
patients were eligible. Although complications such as
bradycardia, ventricular ectopy, hypotension, melena, in-
fections, and rebound hyperthermia were observed, the
treatment was considered safe.77

There are two main obstacles to surface cooling hypo-
thermia: slow induction and intense patient shivering. To
overcome these problems, endovascular cooling was in-
troduced. In general, a catheter with a closed-loop circu-
lation system embedded was attached to a temperature con-
trolling system. The catheter was then inserted in the
inferior vena cava to cool circulating blood and regulate
body temperature. Georgiadis et al.78 reported 6 patients
who suffered severe acute ischemic stroke and were treated
with endovascular hypothermia. During the hypothermia,
the minimal temperature achieved was 32.2°C. According
to their study, the procedures were safe, and the adverse
effects were similar to those encountered in surface cooling.
To further evaluate its safety and efficacy, several clinical
trials are currently being conducted.

FROM BENCH-TOP TO BEDSIDE:
POTENTIAL PROBLEMS AND POSSIBLE

SOLUTIONS

Although evidence from preclinical studies has been
exciting and many drugs have progressed to multi-center
clinical trials, none of the neuroprotective agents has
been proven to be clinically beneficial. In this section,
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potential problems that hindered the translation of pre-
clinical success into clinical practice will be discussed.
By learning from our past mistakes, we may be able to
have more successful studies in the future.

Problems that may have caused the failure of past
clinical trials

The discrepancies between preclinical studies and clin-
ical trials may be the cause of some of the problems
encountered previously. Below are five suggested dis-
crepancies that may explain some of the disappointing
outcomes.

Discrepancies on the outcome measures. In most
preclinical studies, efficacy of neuroprotective agents
was detected by reduction of histological infarction vol-
ume. However, in clinical trials, neuroprotective efficacy
is measured by neurological function such as the NIH
Stroke Scale and the modified Rankin Scale. Infarction
volumes correlate poorly with functional outcome be-
cause small lesions in critical locations can produce ma-
jor functional deficits. Conversely, large lesions in rela-
tively silent areas cause little detectable function loss.
While most of animal stroke models used in preclinical
neuroprotection studies are MCA occlusion models, pa-
tients enrolled into clinical trials often include infarcts of
diverse brain regions.6 Thus, some animal models may
be poor predictors of clinical trial results.

Another factor that may play a role in the discrepan-
cies between preclinical and clinical study outcomes is
the difference in the composition of brain between ro-
dents and humans. It has been reported that more than
90% of brain tissue in rodents is composed of gray
matter, whereas in human, gray matter makes up about
50% of the brain.79 Even in the most homogeneous pop-
ulation of cortical stroke patients, the damage to white
matter in humans will be significantly larger than in
rodent models. This is not necessarily important, but is a
reason to be cautious in extrapolation of rodent model
results to humans, particularly for drugs that have dif-
ferential effects in white versus gray mater.

Discrepancies on functional assessment. Although in
recent animal model studies of neuroprotective agents,
more attention has been paid to functional assessment,
the tests chosen in preclinical studies may not reflect
those used in clinical trials. Numerous functional mea-
sures have been developed for animal studies, including
limb pacing, beam and grid walking, grip strength, T-
maze retention tests, Morris water maze results, and ra-
dial arm maze performance.80 Many researchers chose
the tests according to their own expertise, and not nec-
essarily because the tests represent important aspects of
functional outcomes in animals.

In clinical trials, measures of impairment, disability,
and handicap have all been used. The NIH Stroke Scale,
modified Rankin Scale, and Barthel Index are the most

popular endpoint measures for clinical trials.81 The NIH
Stroke Scale mainly measures neurological impairment,
the modified Rankin Scale assesses global change in
activity and lifestyle, and Barthel Index focuses on the
impact of the stroke on patients’ activities in daily life.
However, none of these clinical scales have been proven
to correlate well with infarct volumes or any particular
battery of preclinical function tests.

Discrepancies of pre-morbid conditions. Another
discrepancy between laboratory animals and stroke pa-
tients is their pre-morbid conditions. In stroke models,
researchers usually choose young, healthy animals.
However, stroke patients are usually old and suffer from
multiple chronic diseases such as arteriosclerosis, hyper-
tension, diabetes, hyperlipidermia, and prior stroke. Co-
morbidities of patients can affect their functional out-
come,82 thus altering the measurements of drug efficacy
and safety.

Discrepancies of therapeutic windows. In many an-
imal studies, neuroprotective agents were given before or
immediately after the onset of ischemia. We now under-
stand that neuroprotective agents should show efficacy
for at least 2 to 3 h after artery occlusion83,84; However,
many pharmaceutical companies view such a short ther-
apeutic windows as a major obstacle to marketing their
drugs, so most clinical trials have chosen a window of 6 or
more hours after stroke onset. Some trials even extended the
therapeutic window to as long as 12 days.6 Although an
animal study indicated that neuronal death was observed as
late as 14 days after artery occlusion,85 the role of this type
of delayed neuronal death in human stroke is yet to be
determined. It is probable that the lengthy therapeutic win-
dows used in most clinical trials are simply too long for any
meaningful neuroprotection to be shown.

Discrepancies of drug-dosing schedules. Another
key disagreement between animal studies and clinical
trials is drug-dosing regimens. To avoid toxicity, some
trials have used a dose that was significantly lower than
that shown in animal studies to be efficacious.86 On the
other hand, while in most animal studies drugs were
administered for only short periods before or after the
ischemic insult, the dosing schedules in clinical trials
have been highly variable, ranging from a single intra-
venous infusion to multiple oral doses for up to 3
months.87 While a single dose may not provide enough
protection to last beyond the propagation of post-isch-
emic injury, prolonged administration may be excessive
and produce deleterious side effects or reduced therapeu-
tic efficacy if the dose-response characteristics of the
drug are an inverted U-shape.

Possible answers for future clinical trials

Final dose selection should be based on preclinical
studies and phase I and II trials. It is obvious that
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drugs chosen for neuroprotective trials should have reli-
able preclinical studies; however, the doses that were
shown to be effective in animals may not always be
appropriate for stroke patients. To identify the most ap-
propriate dose, Bayesian techniques have recently been
employed in advanced drug trials.88 Patients enrolled in
the trial are randomly assigned to a range of doses ini-
tially, based on the preclinical studies and previous phase
I trials. The outcome data from each patient is used
iteratively by a computer that is programmed with a
pre-specified decision rule. As the trial proceeds, the
optimal dose will be generated. Bayesian techniques al-
low statisticians to eliminate ineffective or potentially
harmful doses, and may reduce total sample size, partic-
ularly in a subsequent phase III trial.

Time window for initiation of drugs must reflect the
preclinical studies and phase I and II trials. To max-
imize possible therapeutic benefits, the first dose of neu-
roprotective treatment should be given as soon as possi-
ble after stroke onset. If the drug is proven to be
beneficial, follow-up trials with an extended therapeutic
window may be attempted. Even though a long time-
window may be selected, clinical trialists should be en-
couraged to enroll patients as soon as possible after
symptom onset, and there should often be stratification
by enrollment time.

Patient selection should reflect the therapeutic tar-
get. In different parts of the brain, the mechanism of
injury elicited by ischemic stroke may vary because of
differing cell receptor types. For instance, if a drug is
mainly targeting gray matter, patients with subcortical
lacunar infarcts that are mainly confined to the white
matter should be excluded; computed tomography scans
and various magnetic resonance imagining techniques
may be useful tools, but this has not yet been proven.
Furthermore, the severity of stroke may also affect the
study outcome. While patients with mild strokes (NIHSS

6) may have a better chance for spontaneous recovery,
patients with severe strokes (NIHSS �22) are very un-
likely to have full recovery. For example, trials should
enroll only patients with NIHSS scores between 7 and 22
to have a reasonable chance of showing therapeutic ben-
efit, if any is present.

Endpoint and outcome measurement should be ap-
propriate. In most previous acute stroke trials, 90 days
was chosen for primary endpoint assessment. Although
this may be appropriate for most studies, an adjustment
of endpoint assessment time may be needed in some
instances. Medical complications unrelated to tested
drugs may alter the outcome with prolonged follow-up.
An earlier endpoint may help to eliminate those un-
wanted effects. Drugs thought to have restorative effects
might need longer follow-up periods to allow beneficial
effects to be shown.

The outcome measures chosen is another critical issue.

Although measures of impairment, disability, and hand-
icap have all been used, none was proven to be superior
to the others; therefore, the simplest (the modified
Rankin Scale) is probably satisfactory. Although the
modified Rankin Scale has been criticized for its subjec-
tivity, when administered with structured interview it
was shown to have reduced the variability and bias be-
tween raters.89 On the other hand, the global statistic
approach with multiple predefined outcome measures
was employed in NINDS t-PA stroke trials.90 It was
slightly more effective than any single outcome measure.
It is possible that, in the future, imaging outcome mea-
sures may be included in the global statistic to increase
its power.

Combination therapy trials. Thrombolytic therapy
with rt-PA has become the standard of care in the U.S.
and a number of other countries. Acute stroke patients
who present within 3 h of symptom onset will be given
rt-PA if they qualify, and any neuroprotective agent will
have to be administered in combination with rt-PA. In
fact, there is preclinical evidence indicating that combi-
nations of rt-PA and some neuroprotective agents may
result in positive interactions.91,92 Administration of
rt-PA increases perfusion of ischemic penumbra, pre-
serves salvageable core tissue, and may extend the ther-
apeutic window for neuroprotective therapy.91,92 Co-ad-
ministration of neuroprotective agents may extend the
therapeutic window of rt-PA.93 Furthermore, reperfusion
with a thrombolytic permits the neuroprotective agent to
better penetrate the previously ischemic region.

Various families of neuroprotective agents target dif-
ferent aspects of the neurodegenerative cascade. Thus,
used in combination, they may have synergistic effects
against ischemic injury. For this reason, the dose of each
drug may be reduced to limit the drug toxicity and in-
crease patient tolerability; however, combining two or
more drugs in the same study will add to the complexity
of trial design.

SUMMARY

For the last two decades, the search for the neuropro-
tective therapies for acute ischemic stroke has experi-
enced a roller coaster ride. Early success in the preclin-
ical studies may have prematurely pushed numerous
agents into clinical trials. Translating bench success to
the bedside proof of efficacy and safety has been frus-
trating. Lack of satisfactory animal models resembling
the human disease, and discrepancies between preclinical
studies and clinical trials have proven costly. However,
we have one important success: rt-PA is approved for
acute stroke management in many countries because it is
truly effective and safe when administered properly.
Much more needs to be done; learning from past failures,
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we have reasons to believe that at least some of the
neuroprotective agents will be proven to be beneficial.
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