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Abstract

Background/ Objective:  

Piracetam is a candidate drug for acute stroke.  It has been investigated in clinical trial with limited success, so we aim here to employ systematic review and meta-analysis to explore the available evidence for a protective effect of Piracetam and its derivatives in animal models of stroke.  For any candidate drug, the decision to proceed to clinical trial must be based on assessment of all available animal data of efficacy, in vivo characteristics and limitations of action.

Methods:  

Systematic review was used to identify all controlled studies of the effect of Piracetam and its derivatives in animal models of stroke, where outcome was measured as an infarct size or neurological score.  Stratified meta-analysis was applied to the extracted data to explore the impact of individual study characteristics on study outcome.

Results: 

5 studies involving 224 animals were identified generating a point estimate of effect of Piracetam and its derivatives as a 30.9% (95% CI 24.2-37.5) improvement of outcome.  Several factors resulting in the overestimation of efficacy were identified and several methodological improvements have been suggested.

Conclusion:  

Piracetam and its derivatives demonstrate a degree of neuroprotective efficacy in experimental stroke, but our findings raise concerns about study quality, publication bias and the stringency of protocol within pre-clinical and clinical trials.

Introduction

Piracetam is one of more than 700 drugs reported in experimental literature to be protective in models of focal ischemia.  Our ability to accurately interpret the available animal evidence for the efficacy of these candidate drugs is crucial to the process of deciding which therapies should be continued into clinical trials.  In recent years, several methodological criteria used in stroke trials have been identified, for example inappropriately long time windows, which appear to affect the accuracy of the outcome measures. Several scientific groups have generated evidence that supports the need to improve and standardise the procedures used in experimental stroke studies and encourage a more systematic evaluation of animal data before proceeding to clinical trials (Macleod et al, 2004/2005) [1-3] (Pound et al, 2004) [4].  This approach aims to demonstrate that a chosen drug can have neuroprotective activity under ideal conditions and also indicates the range of potential limitations to that efficacy, which may affect its clinical usefulness.  It is hoped that the data presented here will contribute to the increasing pool of statistics supporting this aim, and will enable the scientific community to make fully informed choices when deciding whether to enter each candidate drug into the expensive and time consuming process of clinical trials.  

The search for the ideal neuroprotective drug aims to identify a compound with high efficacy and which is sufficiently safe to allow rapid administration in the pre-hospital setting.  tPA is currently the only pharmacological therapy with proven efficacy in human stroke studies (The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1995) [5] but has yet to achieve widespread clinical application.    Through this investigation into the neuroprotective efficacy of Piracetam and its derivatives in models of focal cerebral ischemia we hope to contribute to continuing efforts aimed at the standardisation of pre-clinical study methodology, the development of a clinical trial protocol for the pre-hospital administration of combination neuroprotectants and in a context of identifying drugs for clinical trial.  A brief semi-systematic literature review performed by Macleod and colleagues (2004) [1] identified a number of candidate drugs.  These were scored according to the evidence for their efficacy, safety profile, and ease of use.  Systematic review and meta-analyses have previously been used to evaluate the limits to and determinants of efficacy for three of the identified drugs: nicotinamide [1], melatonin [2] and FK506 [3].  This report uses the methodology laid out by Macleod et al (2004) [1] in order to explore these criteria for Piracetam and like-compounds.

The process of systematic review and meta-analysis allows the methodical amalgamation and interpretation of pre-clinical data. Systematic review identifies all relevant studies for the analysis, while minimising the risk of selection bias.  Meta-analysis combines the relevant data from each study, indicating a more accurate estimate of the overall efficacy of the drug.  The impact of specific study characteristics upon the overall estimate of effect size can then be explored using stratified meta-analysis. 
2-Oxo-1-pyrrolidineacetamide (Piracetam) was identified as a candidate neuroprotective drug during a semi-systematic review performed by Macleod and colleagues [1].  It has been marketed for many years as a nootropic or ‘cognition enhancing’ agent and together with its pyrrolidinone derivatives, forms a group of psychoactive substances, which appear to stimulate neuronal function, enhance cognitive performance (Giurgea, 1972) [6] and increase neuronal resistance to injury (Gouliaev and Senning, 1994) [7].  Piracetam is reported to increase compromised regional cerebral blood flow and depressed glucose metabolism in infarcted and penumbral tissues.    Several pyrrolidinone derivatives (Piracetam-like compounds) have been synthesised from the Piracetam prototype and characterised (see Figure 1).  Levetiracetam, Oxiracetam and GVS-111 (Noopept) have been studied in relation to focal cerebral ischemia.  The global efficacy of these drugs was also investigated in this study.
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Figure 1.  The chemical structures of 2-oxo-1-pyrrolidineacetamide (Piracetam) and its derivatives.

There is little experimental evidence to explain why Piracetam is neuroprotective, but it is suggested that its efficacy is mediated through its effects upon the cell membrane (Peuvot et al, 1995) [8].  Peuvot and colleagues have shown that Piracetam localises in the polar heads of the phosopholipid bilayer.  This property allows the compound to restore membrane fluidity [9] and maintain or improve the membrane bound cell functions, including ATP production, neurotransmission and second messenger activity, in the event of a disruption, thus protecting from ischemic damage.

Several pilot studies and clinical trials have reported the efficacy of Piracetam in stroke.  The Piracetam in Acute Stroke Study (PASS: De Deyn et al, 1997) [10] was a multi-centre, randomised, double blind trial to establish whether Piracetam conferred neuroprotection when administered within 12 hours of the onset of acute ischemic stroke.  The trial recruited 927 patients between February 1992 and April 1995 and randomly assigned 464 to the treatment group and 463 to placebo.  The authors reported that Piracetam did not significantly improve neurologic or functional outcome in patients treated within 12 hours of onset of acute ischemic stroke, although post-hoc analysis suggested that Piracetam may be beneficial in moderate to severe stroke, when administered within 7 hours of onset and that the drug is sufficiently safe to be administered acutely to patients presenting with stroke prior to hospital admission. 

Given the negative result of this large clinical trial and taking into account the limitations of post hoc analysis, we set out to explore the strength of the evidence for a neuroprotective effect of Piracetam in experimental stroke. 

In this paper we have investigated the neuroprotective properties of Piracetam and its derivatives in experimental stroke using systematic review, meta-analysis and stratified meta-analysis.  We have calculated a global estimate of the efficacy of Piracetam and like compounds (Levetiracetam, Oxiracetam and GVS-111) and explored the impact of reported study quality and various study characteristics upon the final estimate of effect size.

Methods

The methods used in this investigation follow the criteria set out by Macleod and colleagues [1] and are briefly described below.

Systematic Review:  Using three online databases, studies of Piracetam and Piracetam-like compounds in animal models of stroke were identified.  Pubmed (1974 to Feb 2005), Embase (1980 to Feb 2005) and BIOSIS (1969 to Feb 2005) were utilised using the search strategy: [<piracetam> OR <oxiracetam> OR <levetiracetam> OR <GVS-111> OR <Noopept> OR <2-oxo-1-pyrrolidineacetamide>] AND [<stroke> OR <ischemia>].  All controlled studies on the effect of Piracetam or Piracetam-like compounds in animal models of focal cerebral ischemia, where the outcome was measured as infarct size and/or a neurological score, were included in our analysis.  Abstracts of scientific meetings were hand-searched including the Society for Neuroscience and the International Society for Cerebral Blood Flow and Metabolism.  Hard copies of each of the identified publications were obtained and the systematic search was completed by selecting all studies that met the selection criteria from the reference lists of each of these publications.  References to other studies and unpublished data were requested from the senior authors of our identified resources.  In order to minimise selection bias, two independent individuals performed this systematic search, and the findings were collated.

Data Extraction:  A ‘comparison’ was defined as ‘the assessment of outcome in the treatment and control groups following treatment with a given dose of a drug or vehicle, with treatment commencing at a given time before or after the induction of cerebral ischemia’ [1].  Each comparison was performed by extracting data for mean outcome, standard deviation (SD) and number of animals per group.  Where data were expressed graphically, values were requested from the authors and where a response was not received, values were carefully read off the graphs.  Where the drug was given in multiple doses the dose given was recorded as the total dose administered in the first 24 hours following induction of ischemia.  

Where neurological tests were performed throughout a study, only the final neurological outcome was recorded.  If a group of animals was scored in more than one neurological domain (i.e. motor and sensory scores) or where both a neurological score and an infarct size were measured, these data were combined using meta-analysis in order to obtain an overall estimate of effect size and its standard error, while ensuring that each animal contributed just one data point to the study.

Effect size was defined as ‘the proportional difference in outcome (infarct size, neurological score or combined score) between treated animals relative to the outcome in untreated ischemic controls’ [1].

Reported Study Quality Scores:  Each study was awarded a quality score out of a possible ten points according to the following criteria for methodological quality: publication following peer review; statement of control of temperature; random allocation to treatment or control group; blinded induction of ischemia; blinded assessment of outcome; use of anaesthetic without significant intrinsic neuroprotective activity; use of an appropriate animal model (aged, diabetic or hypertensive animals); sample size calculation; compliance with animal welfare regulations; and statement of potential conflict of interests (Horn et al, 2001) [11] (Macleod et al, 2004) [1].   

Meta-analysis:  The complex process of meta-analysis was performed according to a method previously detailed by Macleod et al [1].  Briefly, the mean outcome in the treatment group and the SDs for the treatment and control groups, were expressed as a proportion of the outcome in the control group for each comparison.  For each comparison, the effect size and its standard error were calculated and these data were then aggregated using a weighted mean difference method with the random effects model of DerSimonian and Laird (1986) [12]

Stratified Meta-analysis:  A stratified meta-analysis was performed, which highlighted the extent to which differences in study design between the publications can affect the overall estimate of effect size.  Experiments were grouped according to: drug dosage; Piracetam derivative administered; time of drug administration; reported quality score; outcome measure; anaesthetic used; route of drug delivery; permanent or temporary ischemia; use of aged, diabetic or hypertensive experimental animals; method of occlusion; time to outcome measurement; funding source; single or multiple dosing regime; and species and gender of animal used.  Calculating heterogeneity for each of these criteria, using the χ2 distribution with n-1 degrees of freedom, where n equals the number of groups, allowed us to assess which study characteristics have a significant influence upon the global estimate of efficacy.  To allow for multiple comparisons we set our significance level at p < 0.001.
Results 
The full systematic search performed as described earlier, identified 467 publications meeting the search criteria, of which 6 (5 papers and 1 abstract) described the efficacy of Piracetam or a similar compound in an animal model of focal cerebral ischemia, where the outcome was expressed as a volume of infarction or a neurological score.  The hand search did not identify any further abstracts or publications, and in response to our request for further relevant information one author confirmed that the data from our identified abstract had been published in full within another of our identified publications.  This meta-analysis is therefore based upon data from 5 full papers, published between 1991 and 2002 (Kometani et al, 1991 [13]; Ostrovskaya et al, 1999 [14]; Hanon and Klitgaard, 2001 [15]; Tortiglione et al, 2002 [16]; Romanova et al, 2002 [17]).  In total, 4 independent groups have contributed work to the analysis and from the identified studies 15 comparisons were identified.

The global estimate of the efficacy of Piracetam and Piracetam-like compounds was 0.309 (95% confidence interval 0.242-0.375, p<10-30), resulting in an improvement in outcome of around 31%.  The heterogeneity between the comparisons was statistically significant (χ2 = 62.1, df = 14, p<10-8).

The median reported quality score was 4 (range 2-6) and classification of the studies according to their quality score accounts for a significant amount of between-group heterogeneity (χ2 = 36.8, df = 2, p<10-8).  The outcome of efficacy seen in the studies with the lowest quality score was considerably higher than the global estimate, as also seen in Macleod’s work on FK506 (2005) [3].  However, as quality score increased, no linear decline was seen in estimated effect size (see figure 2).  The quality score assessment of study characteristics showed that no study reported blinded induction of ischemia, performed a sample size calculation or included a statement of potential conflict of interest.  Control of temperature was described in only 2 studies; random allocation to group in 2 studies; blinded assessment of outcome in 1 study and only 1 study investigated the effect of the drug on aged, diabetic or hypertensive animals.  (See table 1)

Stratifying the data according to the drug used showed the highest estimate of effect size in GVS-111 0.746 (95% CI 0.481-1.01), then Piracetam 0.492 (95% CI 0.39-0.595), Levetiracetam 0.207 (95% CI 0.08-0.335) and Oxiracetam -0.015 (95% CI -0.155-0.118).  There was significant between-group heterogeneity for these data comparisons (χ2 = 54.47, df = 3, p<10-12).  Levetiracetam displayed a clear dose-response relationship (see figure 3), where neuroprotection was seen for all doses above 73.4 mg/kg.  Oxiracetam does not appear to confer neuroprotection in these data.  However, an increase in efficacy was seen with increasing dose (see figure 3).  Considerable protection was seen for all doses of Piracetam above 750 mg/kg and the drug appears to show a dose response relationship (see figure 3).  GVS-111 administered at a dose of 0.5 mg/kg, resulted in the highest efficacy seen, although a neurological score generated the higher data points for GVS-111 and the lower data point refers to a combined score (see figure 3). 

Considerable protection was seen for all times of administration, although a much higher estimate of efficacy was observed in administration 60 minutes after induction of ischemia 0.746 (95% CI 0.481-1.012) (see figure 4).  Effect size was significantly higher in models using healthy animals (0.41, 95% CI 0.34-0.49) than where spontaneously hypertensive animals were investigated  (–0.01, 95% CI –0.15-0.12) (χ2 = 29.10, df =1, p<10-7) (see figure 5).  In studies where a neurological outcome was used to quantify efficacy (1.13, 95% CI 0.64-1.62), the effect size was significantly higher than those in which a combined score (0.59, 95% CI 0.27-0.90) or an infarct volume (0.28, 95% CI 0.21-0.35) were recorded (χ2 = 14.45, df = 2, p<10-3) (see figure 6).  Experiments in which chloral hydrate was used for anaesthesia displayed a considerably higher effect size than the other anaesthetics used and there was significant between-group heterogeneity for these comparisons (χ2 = 44.43, df = 2, p<10-9) (see figure 7).  

The time at which the outcome was measured shows a noteworthy trend; as the interval between induction of ischemia and measurement of outcome increases, the effect size also increases, although after 7 days the effect size tails off (see figure 8).  There was significant between group heterogeneity for these comparisons (χ2 = 20.40, df =3, p<10-3).  In experiments where stroke was induced by photochemical occlusion of the frontal middle cerebral artery (MCA) branches, rather than by a filament or surgical method, effect size was considerably higher, but did not reach statistical significance (χ2 = 12.85, df =2, p = 0.0016).  

Interestingly, the effect size was significantly higher (χ2 = 41.83, df =2, p<10-9) in studies that had been funded academically (0.75, 95% CI 0.48-1.01) and with grants (0.49, 95% CI 0.39-0.59), in comparison with the far more conservative estimates of efficacy generated by industry-funded work (0.1, 95% CI 0.01-0.19) (see figure 9).

While there was a trend for effect size to be higher in permanent models of ischemia and lower in temporary models, this did not reach our pre-specified significance level (χ2 = 3.34, df =1, p = 0.07).  Similarly, our comparison for route of drug administration did not reach our pre-specified significance level (χ2 = 3.13, df =1, p = 0.08), although it showed a considerably higher effect size for i.v. administration (0.59, 95% CI 0.27-0.90) than for i.p. administration (0.30, 95% CI 0.23-0.36).

Our investigation also found that all of the comparisons employed a multiple dosing regime and that every study used male rats in their investigations.
Discussion
Meta-analysis of all of the available experimental data for Piracetam and its nootropic derivatives has shown that treatment of focal cerebral ischemia with nootropic drugs results in a substantial and highly significant improvement in outcome of around 31%.  An improved outcome was seen for all doses of Piracetam above 750mg/kg, of Levetiracetam above 73.4mg/kg and for GVS-111 at a dose of 0.5mg/kg.  The stratified meta-analysis performed here shows that Oxiracetam, although describing a dose-response relationship, did not improve outcome at the doses explored.  Maximum effect size was seen in GVS-111, followed by Piracetam, then Levetiracetam.  

While discussing the findings of our systematic review and stratified meta-analysis, it is important to consider the merits and potential problems with our approach.  Any analysis of this sort is inherently subject to publication bias, where studies containing negative data are less likely to be published than those with positive findings.  Biological and systematic sources of bias within the methodology of individual studies are also reflected within the global estimate of outcome and can result in an overstatement of effect size.  Performing a stratified meta-analysis is a form of sub-group analysis where each criterion is stratified and reported systematically, using a strong significance level in order to account for the multiple tests.  However, some outcomes calculated in this way may arise from inappropriate data comparisons.  It is important to consider that some results may have arisen due to chance, bias or confounding factors and to interpret these data with caution. 
In this meta-analysis we compare data from 5 full papers, published between 1991 and 2002 (Kometani et al, 1991 [13]; Ostrovskaya et al, 1999 [14]; Hanon and Klitgaard, 2001 [15]; Tortiglione et al, 2002 [16]; Romanova et al, 2002 [17]).  It is interesting to note that only one preclinical study into the efficacy of Piracetam was identified by our comprehensive literature search (Tortiglione et al, 2002) [16] and that this study was published 10 years after the initiation of the PASS clinical trial (De Deyn et al, 1997) [10].  This raises some concerns about the process by which drugs are selected to progress from experimental to clinical trials and may serve to explain, at least in part, why the PASS trial had limited success.   Perhaps a more thorough pre-clinical investigation into the properties of Piracetam and its action in models of focal cerebral ischemia would have enabled the clinical trial to be approached with a clearer understanding of the drug actions and limitations and to have proceeded with more success.

Our global estimate of the neuroprotective efficacy of these nootropic drugs demonstrated a 31% improvement in outcome.  This is similar to the efficacy reported for Nicotinamide (28.7%) [1] and FK506 (30%) [3], slightly lower than the efficacy reported for Tirilazad (36.9% unpublished data) and considerably lower than that of Melatonin (42.8%) [2].  Within our results it is interesting to note that just one study, contributing 2 comparisons, performed investigations in animals with co-morbidities.  Perhaps most significant is the finding that in these experiments, the drug (Oxiracetam) appears to have no effect.  We could reach several conclusions from this finding:  The assumption that Oxiracetam has no neuroprotective efficacy based on this result alone seems unreasonable and we would recommend further investigation into its neuroprotective properties.  It seems more appropriate to consider that the use of healthy animals in the other studies that we have examined may have resulted in a significant overestimation of effect size.  Our investigation found this relationship between effect size and co-morbidities to be statistically significant and we suggest that without accounting for this effect, the comparison of global estimates of efficacy and pre-clinical data in general, in order to select a promising target for clinical trial, is invalid.  
Reported study quality is shown here to have an inverse relationship with the estimate of efficacy.  The lowest quality score of 2 is associated with the highest efficacy value and studies with higher reported quality scores appear to report more conservative estimates of efficacy.  Grouping studies by reported quality score accounted for a significant degree of the heterogeneity between the studies.  The median quality score of 4 is similar to that for Nicotinamide, Melatonin and FK506 [1-3] and this data contributes to an accumulating pool of evidence suggesting that the improvement of study quality is crucial to the development of pre-clinical trial protocol.  It has been shown that studies reporting randomisation and blinding are more likely to report conservative findings than studies that do not (Bebarta et al, 2003) [18].    We must recognise that our score, allocated according to details within the publication, may not fully represent true quality score, due to the constraints of space within publications, which may inhibit authors from describing their approach to minimisation of bias in full.  However, the measure appears to have some validity, as classification of the comparisons by quality score accounted for a significant amount of the heterogeneity observed.

The importance of individual quality scale items in the reduction of biological and systematic bias is clear and warrants further investigation.  We would suggest that the standardisation of experimental protocol in order to encourage the application of the most significant of these criteria, for example randomisation to treatment group, blinded assessment of outcome and use of experimental animals with co-morbidities, would ensure that all data generated through animal experiments would be produced and published in a manner making it both valuable and comparable in our search for novel therapeutic strategies for stroke. 

Our analysis showed that the highest estimate of efficacy was generated by 2 data comparisons, both from the study into GVS-111.  This study received the lowest quality score and we suggest that it produced such a severe overestimate of efficacy because it measured outcome in terms of neurological scores.  We must question the suitability of assessing the neuroprotective efficacy of a stroke drug using assessments of memory retention and learning ability, when the drug under investigation is a cognitive enhancer.  If GVS-111 were indeed neuroprotective, we would need to use a method of quantification that was independent of cognitive status, in order to assess its efficacy in protecting cells from damage or death.  

This raises the discussion about what is the most appropriate outcome measure when searching for a neuroprotective drug in models of focal cerebral ischemia.  The Stroke Academic Industry Roundtable (1999) [19] has argued for many years that drug efficacy in animals would be more appropriately assessed against behavioural rather than volumetric endpoints.  There is no doubt that strong evidence supports this argument and that the assessment of function is an efficient way of determining the extent of neurological damage, however, within animal experiments, there is a factor of subjectivity in neurological and functional assessment, which can introduce unnecessary bias into the data.  Conversely, the determination of lesion volume by MRI in man has been shown to correlate with impairment at 24 hours (Tong et al, 1998) [20] and with clinical outcome (Wardlaw et al, 2002) [21].  We would suggest that the measurement of infarct volume as the measure of efficacy in stroke drug trials provides an objective, reproducible and quantifiable method for the comparison of candidate drugs.

Our analysis suggested that the optimum time-window for administration of the nootropic drugs was 60 minutes after the induction of ischemia, while the efficacy of the drugs was considerably lower when administered prior to induction.  It would be very interesting to explore the pharmacokinetics of these drugs in order to determine the mechanism and time course of their action.  This trend gives a good indication for the application of these drugs in a pre-hospital setting, as an effective neuroprotective agent.  However, it is possible that the trend seen for improved efficacy at 60 minutes is in fact a product of the fact that the data contributing to this group is that of the GVS-111 study, which may have overestimated efficacy by assessment of outcome through neurological scores.

Similarly, where focal cerebral ischemia was induced by photochemical occlusion of the frontal MCA branches, the estimate of outcome was significantly higher than in models using filament or surgical induction methods.  The three sets of data that contributed to this comparison all originated from the two GVS-111 studies, which measured outcome as neurological scores.  Their efficacy scores are likely to have been overestimated due to this source of error.  

The use of any anaesthetic agent will have some effect upon the outcome in these investigations, because all anaesthetics have intrinsic neurological activity.  The comparison of different types of anaesthesia in this meta-analysis showed significant between-group heterogeneity (χ2 = 44.43, df = 2, p<10-9), although this is likely to be due to the effect of the GVS-111 neurological data upon the analysis.  However, we would suggest that, as each anaesthetic agent would affect the outcome estimates to a different extent, the standardisation of experimental protocol to use just one anaesthetic would improve the comparability of data for all of the available studies.  

Although the meta-analysis for time to sacrifice showed a statistically significant between-group heterogeneity, in which increasing time to sacrifice resulted in a higher estimate of efficacy, just two comparisons generated the two highest outcome measures, so it is likely that other factors within these studies were responsible for the trend shown.

An interesting comparison result, which displayed significant between group heterogeneity, relates to the source of funding for the studies.  Our data showed that studies funded in an academic setting reported considerably higher estimates of efficacy than studies performed on mixed funding.  Of particular interest is the fact that studies funded by the industry reported significantly more conservative estimates of efficacy.  In the defence of academic research, the data contributing to this higher efficacy arose from the GVS-111 studies, which generated higher estimates of efficacy throughout this analysis due to the use of neurological score rather than lesion volume for quantification of effect size.  It is interesting that the only study performed on a nootropic drug, which employed animals with co-morbidities was performed under industry funding.  The negative data generated in this study may well account for the more conservative effect size reported.

While the global outcome of efficacy in this meta-analysis suggests that Piracetam and Piracetam-like compounds have a substantial neuroprotective action in models of focal cerebral ischemia, the decline in effect size that appears to accompany declining study quality, when taken into account with the possibility of publication bias, causes concerns that the true neuroprotective efficacy of the nootropic drugs may be substantially lower than we have reported.  We suggest that a series of large studies of high methodological quality should be performed in order to develop a better assessment of the efficacy of each of these drugs before they continue in their clinical application.
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Figure Legends
Figure 1:  
Located within the text.

Table 1:  
A table of quality characteristics used to assess the quality scores of identified papers.

Figure 2: 
Point estimates and 95% confidence intervals of effect size according to reported quality score.  The width of each bar represents the number of comparisons that contributed to that data point.  The grey band describes the 95% confidence interval for the global estimate of efficacy.  There is a significant relationship between reported quality score and effect size.
Figure 3:  
Point estimates and 95% confidence intervals of effect size for each drug at each dose.  Each data point is represented by one comparison.
Figure 4:  
Point estimate of effect size and 95% confidence intervals by time of administration.  The width of each bar represents the number of comparisons that contributed to that data point.  The grey band describes the 95% confidence interval for the global estimate of efficacy.

Figure 5:  
Point estimate of effect size and 95% confidence intervals according to whether healthy animals or those with co-morbidities were used.  The width of each bar represents the number of comparisons that contributed to that data point.  The grey band describes the 95% confidence interval for the global estimate of efficacy.

Figure 6: 
Point estimate of effect size and 95% confidence intervals by outcome measure.  The width of each bar represents the number of comparisons that contributed to that data point.  The grey band describes the 95% confidence interval for the global estimate of efficacy.
Figure 7:  
Point estimate of effect size and 95% confidence intervals by anaesthetic used.  The width of each bar represents the number of comparisons that contributed to that data point.  The grey band describes the 95% confidence interval for the global estimate of efficacy.

Figure 8:  
Point estimate of effect size and 95% confidence intervals according to time to sacrifice.  The width of each bar represents the number of comparisons that contributed to that data point.  The grey band describes the 95% confidence interval for the global estimate of efficacy.

Figure 9:  
Point estimate of effect size and 95% confidence intervals according to funding source.  The width of each bar represents the number of comparisons that contributed to that data point.  The grey band describes the 95% confidence interval for the global estimate of efficacy.

Table 1:  Quality characteristics of included studies.

	Publication
	Year
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Score

	Hanon E
	2001
	1
	1
	0
	0
	0
	1
	0
	0
	1
	0
	4

	Kometani M
	1991
	1
	0
	0
	0
	0
	1
	1
	0
	1
	0
	4

	Tortiglione A
	2002
	1
	1
	1
	0
	1
	1
	0
	0
	1
	0
	6

	Romanova GA
	2002
	1
	0
	0
	0
	0
	1
	0
	0
	0
	0
	2

	Ostrovskaya RU
	1999
	1
	0
	1
	0
	0
	1
	0
	0
	1
	0
	4


Reported study quality score criteria:

1. Peer reviewed publication

2. Control of temperature

3. Random allocation to treatment or control group

4. Blinded induction of ischaemia

5. Blinded assessment of outcome

6. Use of anaesthetic without significant intrinsic neuroprotective activity

7. Animal model employing aged, diabetic or hypertensive animals.

8. Sample size calculation

9. Compliance with animal welfare regulations

10. Statement of potential conflict of interest.
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Figure 9
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