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The advantage of animal studies is to study a relatively homo-
geneous group of animals instead of a heterogeneous group of
patients in clinical studies. Animal studies also offer a wider
range of possibilities for example such as examining toxicity
of a specific treatment or studying the underlying mechanisms
of diseases. However, because most of new therapies shown
to be effective in animal studies have been ineffective in clin-
ical trials, some guidelines including the Stroke Therapy
Academic Industry Roundtable (STAIR) were proposed to
improve the quality and reproducibility of individual animal
studies evaluating neuroprotective drugs in ischemic stroke
[1–3]. Recent special issues BChallenges and Controversies
in Translational Stroke Research, Part 1 and 2^ in this journal
provide an excellent overview as to the innate biological var-
iability and the methodological challenges that are needed to
address bias in preclinical research for the successful transla-
tion of experimental therapies to clinical stroke treatments.
The proposed standards include (1) clinical relevance of ani-
mal models (detailed information on animals used (species,
strain, age, weight, gender, etc.), selection of anesthetics, in-
clusion and exclusion criteria), (2) sample size calculation and
accurate statistical analysis, (3) treatment (randomization, al-
location concealment, dose-response determinations, thera-
peutic time window, blood-brain barrier permeability and tis-
sue drug levels, physiological monitoring), (4) outcome
(blinded assessment, at least two outcomemeasures (morphol-
ogy and function), covering both acute (1–3 days) and long-
term (7–30 days) endpoints), and (5) reporting of animals

excluded from analysis, potential conflicts of interest, and
study funding [1–7]. In addition, several challenges exist to
successfully translate the outcomes from animal research to
humans in a clinical setting. First, age and sex are two impor-
tant non-modifiable risk factors for stroke [5, 8]. With aging,
there is a shift toward a proinflammatory phenotype in the
brain as well as the periphery, and blood-brain barrier disrup-
tion [8]. Women are protected from stroke before menopause,
but have increased stroke rates and worse outcomes at older
ages [5]. On the other hand, the use of adult reproductive
female animals in stroke research is complicated by the sex
hormone cycle. However, the male-biased use of research an-
imals is distinguished from the clinical situation where there is
a disproportionate and growing female stroke population,
making it important to include both sexes with diverse ages
in preclinical as well as clinical studies that evaluate potential
stroke therapies. Second, cerebrovascular anatomy and collat-
erals, as well as biological and secondary neuroinflammatory
responses to insults, are different between species or strains,
causing flawed design, unreliable outcomes, unnecessarily
more costs, and experimental animals [7, 9–11]. Genetic dif-
ferences between animals and humans, and even within ani-
mal species, strains, and cell lines, may affect the immune
responses and outcomes [10, 12, 13]. Third, stroke patients
have many comorbidities or vascular risk factors including
hypertension, diabetes mellitus, dyslipidemia, cardiac dis-
eases, current smoking, obesity, poor diet, inactivity, high al-
cohol intake, psychosocial stress and depression, social factors
such as marital and residence status (i.e., living alone), and
prestroke dysfunction, causing stroke severity [5, 14]. Animal
models having these factors are also subjected to different
stroke injuries or changes in the structure of the neurovascular
unit [14]. Thus, the use of young healthy animals causes a
barrier for translation of findings to patients, while, in preclin-
ical stroke studies with comorbidities, comorbidity duration
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and severity as well as housing conditions of the animals used,
which potentially influence outcomes, should be reported in
details.

Human stroke is very complex, and no single preclinical
model can comprise all the variables contributing to stroke
injury and recovery. It is inappropriate to assume that targeting
only one aspect of the cascade is sufficient to produce clinical
benefit, and to evaluate purported neuroprotective drugs in a
limited number of models in the relatively small number of
laboratories. Challenging paradigms include simulation of
polypharmacy and specialized large animal models [15] in
addition to factors described above. Furthermore, these op-
tions should be combined, and therefore, the resulting setup
is too complex to be covered by a single laboratory. To over-
come the issues, a consortium of multiple laboratories is sug-
gested to be organized for large-scale testing of the same neu-
roprotective drug in multiple animal stroke models in multiple
species across multiple sites with rigorous performance of the
necessary experiments extending the methods to include a
consideration of the innate biological and methodological var-
iability that the agent will ultimately encounter when translat-
ed to humans [16]. Multicenter phase III randomized preclin-
ical trials aim to apply quality standards of clinical investiga-
tions and are expected to conduct confirmative research in a
highly complex, but realistic environment, leading to transla-
tional research strategies [17, 18]. Pre-clinically, multimodal
imaging can noninvasively generate data on a range of param-
eters, allowing the animal to be recovered for subsequent be-
havioral testing and/or the brain taken for further molecular or
histological analysis, and resulting in saving animals and costs
[19]. In addition, academic-industry collaborations are needed
to overcome the translational stroke research roadblock, such
as the advent of the multicenter preclinical trial concept [20].
Although the guidelines stem from the need to assess neuro-
protection for acute ischemic stroke, they have been applied to
the evaluation of other treatments, interventions, and fields of
neuroscience with or without a modification [21–26].

Aneurysmal subarachnoid hemorrhage (SAH) is a well-
known devastating cerebrovascular disease that relatively
young people suffer compared with other types of stroke [27,
28]. SAH-induced brain injury is also very complex [27, 28],
and more than 72 kinds of animal models have been reported
[29]. The endovascular perforation animal model shows acute
metabolic changes similar to clinical findings and becomes the
most popular one for studies of early brain injury (EBI), a
concept to explain acute pathophysiological events that occur
in the brain before onset of cerebral vasospasm within the first
72 h of aneurysmal SAH [28]. However, both EBI and cerebral
vasospasm occur in the time frame of 72 h in the mouse or rat
model, precluding the dissociation between EBI and cerebral
vasospasm-induced or other delayed brain injuries. Therefore,
SAH researchers should understand the advantages and disad-
vantages of each animal model and choose a suitable model

dependent on the research question. In addition, systematic
reviews expose biases and inadequacies in the methodology
of individual studies, contributing to improving translation of
animal research to humans [12]. To make systemic reviews
more useful, publication bias or an overestimation of the effect
of a treatment has to be avoided by reporting negative and
neutral results and promoting data sharing [1], and making
systematic reviews of animal studies a routine is our scientific
and societal responsibility, just as with clinical studies in
humans not simply for transparency but also to avoid waste
of financial resources and unnecessary duplication of animal
studies [12]. In a SAH research, a systematic review of animal
studies of endothelin receptor antagonists was reported after the
clinical trials were failed [30]. The review revealed that various
animal models including both sexes and primate models were
used, but randomization of treatment groups and blinded as-
sessment of outcome were performed only in the half of exper-
iments. Furthermore, neurobehavioral scores were reported in
none of the experiments, and case fatality only in 15% of ex-
periments. The inclusion of death as an outcome measure in
experimental SAH studies may be critical in determining the
true efficacy of a potential therapeutic agent, because SAH is a
disease with a high mortality, and therefore, excluding animals
that have died from the study may skew the results so that
findings are biased toward surviving animals. The authors thus
concluded that there was no evidence from animal studies that
treatment with an endothelin receptor antagonist improved clin-
ically relevant outcomes after SAH, while the reduction in ce-
rebral vasospasm observed in animal studies was consistent
with that observed in clinical trials, an effect that was not asso-
ciated with better functional outcome in patients [30]. The dif-
ferent outcomes between experimental and clinical studies may
also occur due to misinterpretation of data and confused termi-
nology and definitions [31]. Anyway, we can say that the failed
clinical trials could have been predicted and avoided if the
review and the meta-analysis had been performed before plan-
ning the clinical trials. The step, along with the current recom-
mendations including STAIRs, may improve the successful
translation of experimental therapies to clinical stroke treat-
ments. Although it remains to be determined whether these
approaches enhance the quality of evaluation in the preclinical
settings and increase the likelihood of successful clinical trials,
systematic reviews of all relevant animal experiments would be
a prerequisite for the design of new clinical trials.
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