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Infarct size is associated with stroke severity in clinical studies, so reducing it has become an important target and research hotspot in the treatment of ischemic stroke. Some preclinical studies have shown transcranial direct current stimulation (tDCS) reduced infarct size and improved neurological deficit, but others have not found beneficial effects. Besides, the optimal pattern of tDCS for ischemic stroke remains largely unknown. To shed light on the current circumstance and future research directions, the systematic review evaluated the effect of different tDCS paradigms in reducing infarct size and improving neurological deficit in rodent models of ischemic stroke and assessed the methodological quality of current literature. We searched the MEDLINE (via PubMed), EMBASE, Web of Science, and Scopus from their inception to August 18, 2021, to identify studies evaluating the effects of tDCS in rodent models of ischemic stroke. Eight studies were included, of which seven studies were included in the meta-analysis. The results showed cathodal tDCS, rather than anodal tDCS, reduced infarct size mainly measured by tetrazolium chloride and magnetic resonance imaging (standardized mean difference: −1.13; 95% CI: −1.72, −0.53; p = 0.0002) and improved neurological deficit assessed by a modified neurological severity score (standardized mean difference: −2.10; 95% CI: −3.78, −0.42; p = 0.01) in an early stage of focal ischemic stroke in rodent models. Subgroup analyses showed effects of cathodal tDCS on infarct size were not varied by ischemia duration (ischemia for 1, 1.5, and 2 h or permanent ischemia) and anesthesia (involving isoflurane and ketamine). The overall quality of studies included was low, thus the results must be interpreted cautiously. Published studies suggest that cathodal tDCS may be a promising avenue to explore for augmenting rehabilitation from focal ischemic stroke. Considering the methodological limitations, it is unreliable to blindly extrapolate the animal data to the clinical practice. Future research is needed to investigate the mechanism of tDCS in a randomized and blinded fashion in clinically relevant stroke models, such as elderly animals, female animals, and animals with comorbidities, to find an optimal treatment protocol.
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INTRODUCTION

Stroke, a leading cause of mortality, leads to over two million new cases annually and is associated with the highest disability-adjusted life-years lost of any disease in China (Guan et al., 2017; Wu et al., 2019). Approximately 80% of all strokes result from ischemic stroke (Moretti et al., 2015). As a cardinal outcome of ischemic stroke, large infarct size may contribute to the death in the first month following stroke and poor functional outcomes in clinical studies (Laredo et al., 2018) and may make it difficult for patients to recover from stroke once irreversible damage occurs. Therefore, reducing infarct size should be an important part of ischemic stroke treatment.

Recently, transcranial direct current stimulation (tDCS) as a non-invasive, easy to administer, safe, and well-tolerated technique has received growing interest owing to its potential efficacy in modulating plasticity in healthy persons and patients (Beaulieu et al., 2019; Machado et al., 2019). Non-invasive tDCS is the process of delivering a weak electric direct current through the scalp to benefit from its cortical excitability modifying effect. It modulates cortex excitability mainly by affecting the membrane polarity. While anodal stimulation which places the anode electrode near the target area is considered to induce neuronal membrane depolarization and increase cortical excitability, cathodal stimulation is presumed to induce hyperpolarization and reduce cortical excitability (Nitsche and Paulus, 2001; Nitsche et al., 2003b). And an interhemispheric rivalry model between the damaged and the intact hemispheres provides a framework for tDCS application, which upregulates the excitability of the affected hemisphere cortex through anodal tDCS and downregulates the excitability of the unaffected hemisphere cortex through cathodal tDCS (Bolognini et al., 2011; Rocha et al., 2016). Regarding the stimulation locus, primary motor cortex (Yoon et al., 2012; Viana et al., 2014; Andrade et al., 2017), premotor cortex (Andrade et al., 2017), and primary sensorimotor cortex (Qu et al., 2009; Wu et al., 2013) were involved in most studies with tDCS. Neural networks within the central nervous system have plasticity following stroke, and tDCS may play a potential therapeutic role by changing an eventual maladaptive pattern of activation and via the production of long-term important changes in brain plasticity (Beaulieu et al., 2019; Bucur and Papagno, 2019). The mechanisms underlying tDCS treatment may involve changes in the activity of the Na+/Ca++channel, N-methyl-D-aspartate receptor, brain-derived neurotrophic factor, and tropomyosin receptor kinase B (Liebetanz et al., 2002; Nitsche et al., 2003a; Fritsch et al., 2010; Takebayashi et al., 2017). Besides, the effect of tDCS may be related to the molecular mechanisms of promoting ischemic tolerance, neuroprotection, neurogenesis, angiogenesis, and anti-apoptosis, which may reduce inflammation, edema, or infarct size and improve neurological deficit following ischemic stroke. Previous studies have investigated the effect of tDCS on infarct size and neurological deficit, but results have been inconsistent (Kim et al., 2010; Notturno et al., 2014). Furthermore, the rationale for using different paradigms is rarely justified and there is a lack of consensus on the standardized paradigms and protocols for the use of tDCS for ischemic stroke. Besides, no meta-analysis has evaluated the neuroprotective effect of tDCS following ischemic stroke.

In the present meta-analysis, we focus on different tDCS paradigms, with the primary objective being to evaluate the effect of different tDCS paradigms in reducing infarct size and improving neurological deficit from focal ischemic stroke in rodent models. Our second objective was to examine if the effects of tDCS were influenced by the duration of ischemia and anesthesia used in intervention procedures. Our third objective was to shed light on knowledge gaps in the preclinical tDCS research literature by evaluating its risk of bias and explore the possibility of whether the results obtained from these animal studies may be helpful in designing future animal studies on the effect of tDCS in the treatment of ischemic stroke.



METHODS

This meta-analysis was performed in line with the Cochrane Collaboration (Johnson et al., 2004) and the Preferred Reporting Items for Systematic Review and Meta-analyses (PRISMA) guidelines (Fan et al., 2017; Supplementary Material 1). Our protocol was registered in the International Platform of Registered Systematic Review and Meta-analysis Protocols database under the number INPLASY202150080. As all analyses were based on previously published studies, no ethical approval was needed.


Search Criteria

The final literature search was completed on August 18, 2021, to identify studies evaluating the effects of tDCS in rodent models of ischemic stroke, using the following electronic bibliographic databases: MEDLINE (via PubMed), EMBASE, Web of Science, and Scopus. The search string was built as follows: individually or combined included stroke, tDCS, muridae, and a string of words that were determined after multiple pre-searches (Supplementary Material 2).



Study Selection

The screening was performed in two phases, namely initial screening based on title and abstract, followed by a full-text screening of the eligible articles for final inclusion. In each phase, two observers independently assessed each article. Discrepancies were resolved through discussion, or by consulting a third investigator. Inclusion criteria were: (1) Preclinical studies using rodents were required to establish a focal ischemic stroke model, regardless of the modeling method, and receive tDCS with unlimited polarity, current density, duration, and timing of application. (2) Controlled studies with a separate control group, which received sham tDCS or blank treatment. (3) Studies had to provide data on cerebral infarct size, regardless of the method of evaluation, which can be tetrazolium chloride (TTC), magnetic resonance imaging (MRI), cresyl violet, etc. And infarct size can be expressed as a percentage of the hemisphere, percentage of the whole brain, in cm2, or mm3. Exclusion criteria were: (1) Review, editorial, conference abstract, and non-English publications. (2) Studies using rodent models of global ischemia or hemorrhage stroke, and those using non-rodent models, ex vivo and in vitro preparations, or humans. (3) TDCS had no definite anodal and cathodal electrodes and was used in combination with another treatment. (4) Studies without a separate control group. (5) No model control group that did not receive tDCS. Authors were contacted to provide additional information via email in cases of ambiguity.



Data Extraction and Quality Assessment

Two independent reviewers independently extracted data from the text and Supplementary Materials, or from figures using Engauge Digitizer when no data was explicitly reported. The data included infarct size, neurobehavioral outcomes evaluated by a modified neurological severity score (mNSS), mortality, and adverse events. As the missing data has not been peer-reviewed, we did not contact the authors to provide it. Species, sex, weight, age, modeling methods, ischemic duration, experimental groups, control group(s), number of animals per group, methods used to assess the outcome, type of stimulation, stimulation locus, current density, intervention duration, the timing of intervention, and anesthesia used for the intervention procedure were also extracted. We resolved discrepancies through discussion, or by consulting a third investigator.

Two investigators independently read the included literature and assessed the risk of bias. The SYRCLE animal experiment bias risk assessment tool was applied to evaluate the risk of bias in individual included studies (Hooijmans et al., 2014b). We resolved discrepancies through discussion, or by consulting a third investigator. Studies were divided into low-bias risk, high-bias risk, and unclear bias risk.



Data Analysis

Meta-analysis was performed using Review Manager (RevMan) software (The Cochrane Collaboration, version 5.3). For continuous variables, a standardized mean difference (SMD) was calculated using random-effects inverse variance meta-analyses and presented with 95% confidence intervals if measurement methods were different among the included studies; otherwise, a mean difference (MD) was calculated. Because of the exploratory nature of animal studies, a random-effects model was used to account for anticipated heterogeneity. To avoid double-counting control animals, control group sample sizes were split in case of studies using multiple experimental groups and a single control group. The I2 was used for evaluating heterogeneity. Where necessary data were available, we performed subgroup analyses to examine whether the effect of tDCS varied by the duration of ischemia and anesthesia used for the intervention procedure. Leave-one-out sensitivity analyses were performed to evaluate the robustness of the results. If there were 10 or more articles included in a certain index, a funnel plot was used to analyze the publication bias; otherwise, the publication bias would not be analyzed. The results of the meta-analysis were presented using forest plots. If meta-analysis was not possible, data was reported through a descriptive summary.




RESULTS


Characteristics of Included Studies

A total of 167 potentially eligible studies were identified by the initial database search. After duplicate removal and title-abstract screening, 45 studies were selected to determine their eligibility. After excluding 37 studies, eight studies (Kim et al., 2010; Yoon et al., 2012; Peruzzotti-Jametti et al., 2013; Notturno et al., 2014; Braun et al., 2016; Zhang K. et al., 2020, Zhang K. Y. et al., 2020; Cheng et al., 2021) were included, of which seven studies (Kim et al., 2010; Yoon et al., 2012; Peruzzotti-Jametti et al., 2013; Notturno et al., 2014; Braun et al., 2016; Zhang K. et al., 2020, Zhang K. Y. et al., 2020) were included in the qualitative synthesis (Figure 1 and Table 1). Included studies were published between 2010 and 2021. Samples sizes in the included studies ranged from 6 to 24. In terms of the species used in each study, seven studies (Kim et al., 2010; Yoon et al., 2012; Notturno et al., 2014; Braun et al., 2016; Zhang K. et al., 2020, Zhang K. Y. et al., 2020; Cheng et al., 2021) employed rats, and one study (Peruzzotti-Jametti et al., 2013) used mice (Table 1). Male animals were the most common animal for strokes (Yoon et al., 2012; Peruzzotti-Jametti et al., 2013; Notturno et al., 2014; Braun et al., 2016; Zhang K. et al., 2020, Zhang K. Y. et al., 2020; Cheng et al., 2021), while one study (Kim et al., 2010) did not specify the animal sex. Permanent models were induced in two studies (Kim et al., 2010; Notturno et al., 2014) and temporary models were induced in six studies (Yoon et al., 2012; Peruzzotti-Jametti et al., 2013; Braun et al., 2016; Zhang K. et al., 2020, Zhang K. Y. et al., 2020; Cheng et al., 2021).
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FIGURE 1. PRISMA flow diagram for search strategy and study selection.



TABLE 1. Characteristics of studies included in this meta-analysis, K = 7.
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 One study (Yoon et al., 2012) used solely anodal tDCS, three studies (Notturno et al., 2014; Zhang K. et al., 2020, Zhang K. Y. et al., 2020) used solely cathodal tDCS, three studies (Kim et al., 2010; Yoon et al., 2012; Peruzzotti-Jametti et al., 2013) used both types of tDCS as an intervention, and one study (Cheng et al., 2021) used dual tDCS (Table 1). Variations in the stimulation locus, density of current, intervention duration, and timing of intervention were observed. Of the included studies, anesthesia was administrated in four studies (Kim et al., 2010; Yoon et al., 2012; Notturno et al., 2014; Braun et al., 2016), three studies (Zhang K. et al., 2020, Zhang K. Y. et al., 2020; Cheng et al., 2021) explicitly stated the animals were kept awake, and one study (Peruzzotti-Jametti et al., 2013) did not report whether anesthesia was used during the tDCS procedure (Table 1). Of the included studies, most of the studies did not report the measurement of temperature (Kim et al., 2010; Notturno et al., 2014; Braun et al., 2016; Zhang K. et al., 2020), three studies (Yoon et al., 2012; Peruzzotti-Jametti et al., 2013; Cheng et al., 2021) maintained the temperature, and one study (Zhang K. Y. et al., 2020) explicitly stated that temperature was not measured during the tDCS procedure. Regarding the method of infarct size evaluation, TTC staining was the most common method for infarct size assessment (Kim et al., 2010; Zhang K. et al., 2020, Zhang K. Y. et al., 2020; Cheng et al., 2021), followed by MRI (Yoon et al., 2012; Braun et al., 2016), cresyl violet (Notturno et al., 2014), and Fluoro-Jade B (Peruzzotti-Jametti et al., 2013; Table 2).


TABLE 2. Characteristics of outcome evaluations, K = 7.
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 The effect of dual tDCS on infarct size and mNSS was assessed in only one study (Cheng et al., 2021) and therefore meta-analyses relating to this outcome were not conducted. This study indicates that dual tDCS can reduce the infarct size at 24 h and promote functional recovery after ischemia-reperfusion.



Quality Assessment

Based on the SYRCLE animal experiment bias risk assessment tool, we found the overall quality of the studies was low (Supplementary Material 3). All the studies did not adequately generate the allocation sequence nor describe the random component in this process. Similarly, all the studies did not describe the method used to conceal the allocation sequence. Only two studies described that animals were studied in a blinded fashion for treatment. Similarly, only two studies reported that animals were selected randomly for outcome measurement, but both of them did not describe the random component in this process. Most studies did not explicitly describe if all animals were included in the analysis and two studies did not report if the death of animals influenced the true outcome. Five studies reported ensuring that the housing conditions were identical, while the other three omitted to describe if animals were housed identically during the experiment. Five studies reported that the groups were similar before tDCS. Seven studies described that the outcome assessor was blinded. All studies had an unclear risk of bias regarding other sources of bias since it was not clear whether brain slices were selected randomly for infarct size measurement.



Meta-Analyses on Infarct Size


The Effect of Anodal Transcranial Direct Current Stimulation on Infarct Size

Four studies (Kim et al., 2010; Yoon et al., 2012; Peruzzotti-Jametti et al., 2013; Braun et al., 2016) measured the effect of anodal tDCS on infarct size and were included in our meta-analysis. Meta-analysis showed that anodal tDCS could not reduce infarct size when compared to the control groups (SMD: −0.07; 95% CI: −0.66, 0.52; p = 0.82; I2 = 31%; Figures 2A,B).
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FIGURE 2. Forest plot analysis of the efficacy of anodal tDCS on infarct size compared to controls divided on: (A) duration of ischemia; (B) anesthesia used during tDCS procedure.


The duration of ischemia was used to divide the subgroups. No significant difference was found between permanent (SMD: 0.50; 95% CI: −1.05, 2.05; p = 0.52; Figure 2A) and temporary (SMD: −0.14; 95% CI: −0.80, 0.52; p = 0.68; I2 = 40%; Figure 2A) models when compared to the control group. Leave-one-out sensitivity analyses showed no difference in the overall finding that anodal tDCS did not reduce infarct size (Supplementary Material 4A).

The anesthesia used during the tDCS procedure was employed to divide the subgroups. There was no significant difference in the effect of anodal tDCS between studies that used anesthesia (SMD: −0.36; 95% CI: −0.95, 0.23; p = 0.23; I2 = 0%; Figure 2B) and studies that did not report the use of anesthesia (SMD: 0.56; 95% CI: −0.98, 2.10; p = 0.48; I2 = 67%; Figure 2B) when compared to the control group. Exclusion of any single study showed no difference in the overall finding that anodal tDCS did not reduce infarct size (Supplementary Material 4B).



The Effect of Cathodal Transcranial Direct Current Stimulation on Infarct Size

Overall, cathodal tDCS was suggested to have a positive effect by reducing infarct size (Figures 3A,B). Cathodal tDCS groups significantly reduced infarct size when compared to the control groups (SMD: −1.13; 95% CI: −1.72, −0.53; p = 0.0002; I2 = 34%).
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FIGURE 3. Forest plot analysis of the efficacy of cathodal tDCS on infarct size compared to controls divided on: (A) duration of ischemia; (B) anesthesia used during tDCS procedure.


No significant difference between permanent (SMD: −1.07; 95% CI: −1.83, −0.32; p = 0.005; I2 = 37%; Figure 3A) and temporary (SMD: −1.34; 95% CI: −2.41, −0.27; p = 0.01; I2 = 46%; Figure 3A) models when compared to the control group was found. The result of the overall analysis was not changed by omitting any single study; however, subgroup analyses became non-significant after omitting data reported by Peruzzotti-Jametti et al. (2013) and Notturno et al. (2014) (Supplementary Material 4A).

Overall, the effect of cathodal tDCS was not varied by the anesthesia used during the tDCS procedure. But experiments that did not report the use of anesthesia during tDCS procedure had a negative result (SMD: −1.77; 95% CI: −3.66, 0.11; p = 0.06; I2 = 62%; Figure 3B). Omitting studies by Notturno et al. (2014), Zhang K. et al. (2021), and Zhang K. Y. et al. (2020) rendered the outcome of subgroup analyses non-significant (Supplementary Material 4B). However, overall analysis became significant after omitting either of the experiments by Peruzzotti-Jametti et al. (2013). Omitting the data reported by Peruzzotti-Jametti et al. (ii) resulted in a positive effect of cathodal tDCS (Supplementary Material 4B).




Meta-Analyses on Modified Neurological Severity Score


The Effect of Anodal Transcranial Direct Current Stimulation on Modified Neurological Severity Score

A study (Peruzzotti-Jametti et al., 2013) involving two independent experiments showed that anodal tDCS did not improve mNSS when compared to the control groups (SMD: 0.66; 95% CI: −1.58, 2.90; p = 0.56; I2 = 0%; Figure 4). Leave-one-out sensitivity analyses showed no difference in the overall finding that anodal tDCS did not improve mNSS (Supplementary Material 5).
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FIGURE 4. Forest plot analysis of the efficacy of anodal tDCS on mNSS compared to controls.




The Effect of Cathodal Transcranial Direct Current Stimulation on Modified Neurological Severity Score

Overall, cathodal tDCS was suggested to have a positive effect by improving mNSS (Figure 5). Cathodal tDCS groups significantly improved mNSS when compared to the control groups (SMD: −2.10; 95% CI: −3.78, −0.42; p = 0.01; I2 = 39%). However, subgroup analysis showed that cathodal tDCS groups that did not use anesthesia during the tDCS procedure did not improve mNSS when compared to the control groups (SMD: −1.10; 95% CI: −2.31, 0.11; p = 0.07; Figure 5).
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FIGURE 5. Forest plot analysis of the efficacy of cathodal tDCS on mNSS compared to controls divided on anesthesia used during tDCS procedure.


The analysis results became non-significant after omitting the data reported by Peruzzotti-Jametti et al. (2013) (i) (Supplementary Material 5). And overall analysis became non-significant after omitting the data reported by Peruzzotti-Jametti et al. (2013) (ii).




Mortality and Adverse Events

Two studies (Kim et al., 2010; Peruzzotti-Jametti et al., 2013) reported mortality rates, while the remaining five studies did not report adverse events related to tDCS. Kim et al. (2010) reported that the number of dead mice was five in the anodal group, six in the cathodal group, and four in the control group. Peruzzotti-Jametti et al. (2013) reported that the overall mortality rate was 20% (6/30) in the anodal group, 6.7% (2/30) in the cathodal group, and 25% (8/32) in the control group.




DISCUSSION

The present study included eight studies that comprehensively evaluated the efficacy of tDCS for rodent models of ischemic stroke, and overall, our meta-analysis shows for the first time that cathodal tDCS exerts a neuroprotective effect by reducing infarct size and improving neurological deficit following focal ischemic stroke. The effect of tDCS in reducing infarct size was not varied by the duration of ischemia and anesthesia used for the intervention procedure. Cathodal tDCS without anesthesia used for the intervention procedure cannot improve neurological deficit. This review establishes a proof of concept supporting the use of cathodal tDCS as a potential paradigm for augmenting rehabilitation from ischemic stroke. However, these findings must be interpreted with caution due to the high risk of bias and the small number of studies included, resulting in only one experiment being included in some subgroup analyses.

As we know, ischemia and hypoxia may play a major role in the formation of an irreversible lesion in the core of the infarct, which cannot be rescued over 6 h following the onset (Yang et al., 2015; Zhang K. Y. et al., 2020). However, the ischemic penumbra can still be rescued if it is treated promptly and effectively (Astrup et al., 1981). Clinical investigations suggest that infarct size is linked with stroke severity (Laredo et al., 2018). Therefore, reducing infarct size has the potential to treat ischemic stroke.

Data from the present review suggest that cathodal tDCS promote the recovery of infarct size, and its effect is not varied by whether ischemia-reperfusion or not. Although reperfusion has a positive effect in some cases, ischemia-reperfusion might cause detrimental hyperemia, which is evidenced by the detrimental neuropathological outcomes and behavior observed (Olsen et al., 1981). Taken together, this shows that the positive effect of cathodal tDCS on infarct size may not be compromised by the ischemia-reperfusion injury.

There is a concern that anesthesia during intervention procedures may exert a neuroprotective effect in animal models of ischemic stroke (Archer et al., 2017), since keeping the animals awake during tDCS can avoid possible interactions between anesthetic drugs and tDCS and mimic the clinical application (Brunoni et al., 2013; Fresnoza et al., 2014). So the use of anesthesia was used to divide the subgroups. Data from the present review suggest that the effect of cathodal tDCS in reducing infarct size is not varied by the use of anesthesia. However, it is worth noting that tDCS may be combined with exercise to promote the recovery of ischemic stroke animals if animals are maintained awake. In terms of neurological deficit, cathodal tDCS without anesthesia used for the intervention procedure cannot exert a neuroprotective effect. However, no studies could be gathered to analyze the effect of cathodal tDCS under anesthesia in improving neurological deficit. As a strongly predictive of outcome 1 year following ischemic stroke, the neurological deficit should be evaluated in animal models of ischemic stroke research, to provide better evidence for clinical treatment and obtain a better outcome.

Different tDCS paradigms have been used to treat ischemic stroke, but consistent results have not been found and the mechanisms of tDCS have not yet been completely known. The tDCS parameters, such as the polarity of tDCS (anodal, cathodal, or dual) (Weinberger et al., 2017; Bastos et al., 2021), current intensity (Esmaeilpour et al., 2018), and stimulation site (Weinberger et al., 2017; Bastos et al., 2021), may cause interindividual variability in the efficacy of tDCS (Bradnam et al., 2012; Di Pino et al., 2014; Kang et al., 2016). The present meta-analysis finds evidence that cathodal tDCS is effective for reducing infarct size and improving neurological deficit. There was no evidence of improvement in infarct size and neurological deficit when anodal tDCS was used. However, it is found that both anode tDCS and cathode tDCS were significantly effective on upper limb function recovery, which is inconsistent with our conclusions in rodent models (Bai et al., 2019). One reason that must be considered and which may explain the difference between the results is that the inherent difference between meta-analysis of animal and human studies, which partly due to animal studies are so different in their species, design, and study characteristics. Another reason is that tDCS was applied as an add-on intervention in clinical trials, while tDCS was used alone in animal researches. Up to now, however, only one report about the effect of the dual tDCS in reducing infarct size and improving neurological deficit for animal models of ischemic stroke (Cheng et al., 2021). Further studies are needed to confirm the effect and mechanism of different types of tDCS on ischemic stroke to increase the likelihood of successful translation of tDCS to clinical populations.

Age and sex are critical factors for ischemic stroke (Roy-O’Reilly and McCullough, 2018). Ischemic stroke mainly occurs in elderly patients. It was reported that the crude mortality and crude incidence of stroke were both positively correlated with the proportion of the population aged ≥ 65 years (Thrift et al., 2017). However, all the included studies used young healthy animals, which is inconsistent with typical stroke patients. The difference in age may influence cerebral blood flow, angiogenesis, and neurogenesis, thus affecting the accuracy of experimental results. Therefore, age is an important factor that must be considered in preclinical studies of ischemic stroke. Besides, all the included studies solely used male animals, thus compromising the applicability of our results to females. More well-designed studies are warranted to further interpret the efficacy of tDCS for elderly and female rodents.

The timing of the application of tDCS is another important factor that must be taken into consideration. Changes related to the stage of stroke may impact the effects of tDCS. Clinical studies investigating tDCS found inconsistent results about the effect of tDCS on patients with stroke (Hesse et al., 2011; Wu et al., 2013; Viana et al., 2014). Most studies included in this meta-analysis used tDCS in an early stage of stroke, leading to the effects of tDCS in the subacute and chronic stages of stroke remain unclear. However, a meta-analysis of human studies reported that the tDCS revealed a significant effect in patients with chronic stroke rather than acute and subacute stroke, which is inconsistent with our finding obtained from rodent models (Bai et al., 2019). Of note, the meta-analysis of human studies (Bai et al., 2019) merged andol and cathodal tDCS for analysis, which may lead to different results. Furthermore, spontaneous functional recovery following a stroke occurs earlier in the rodent than in humans, making it more difficult to explore relevant neuroprotective effects of tDCS and partly resulting in different results (Schaar et al., 2010).

Besides, comorbidities are also needed to be taken into consideration in preclinical researches, as the majority of patients with stroke have suffered from comorbidities (Mergenthaler and Meisel, 2012). However, all of the included studies did not include comorbidities. Therefore, comorbidities such as diabetes, heart disease, and hypertension should be included in animal models of ischemic stroke to augment the benefit of tDCS.

The strength of this review was that it included the greatest number and most comprehensive preclinical studies to date based on the rigorous inclusion and exclusion criteria. In addition, we assessed the quality of current literature using the SYRCLE animal experiment bias risk assessment tool to increase the confidence in our results. Notwithstanding its significant findings, this study has some limitations. A limitation of this review was that there might have been several confounding factors, such as species, age, sex, stage of stroke, and diversity in the parameters of tDCS, which might have led to uncontrolled bias. Meta-analysis of animal studies is able to explore the influence of the heterogeneity, which may help in future animal research design (Hooijmans et al., 2014a; Velzen et al., 2021). An important result was that the effects of cathodal tDCS on infarct size were not influenced by ischemia duration and anesthesia. Another limitation was that the statistical power of the present meta-analysis may be restricted due to the small number of included studies and small sample sizes. Fortunately, it is recommended to pay attention to the direction of effects rather than to effect size itself in meta-analyses of animal studies, largely due to the unavoidable heterogeneity between animal researches (Hooijmans et al., 2014a). Of note, the effective endpoint of the study included was mostly the size of cerebral infarction rather than the neurological deficit assessment, which may affect the guiding significance to clinical practice. Therefore, further studies are needed to comprehensively measure the effect of tDCS on animal neurological and motor function. Lastly, all of the included studies did not indicate information such as the method of randomization and allocation concealment and some of the included studies did not report the housing condition of animals, and we thus had to estimate how these factors may affect the findings.



CONCLUSION

This meta-analysis suggests that cathodal tDCS exerts a neuroprotective effect by reducing infarct size and improves neurological deficit following focal ischemic stroke. Although the findings are encouraging, the mechanisms of tDCS remain largely unknown and many fields still have not been investigated. Due to the methodological limitations and the gap between animal research and human research, it is tenuous to extrapolate the animal data to the clinical practice. There is a need for further well-designed animal studies, to explore the effect of tDCS on infarct size, neurological deficit, as well as motor function. Future animal research is needed to investigate the therapeutic mechanism and find an optimal treatment protocol in accordance with stroke therapy academic industry roundtable and stroke recovery and rehabilitation roundtable guidelines for stroke.
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Subtotal (95% CI) 31 18 46.3%  -1.34[-2.41, -0.27] N

Heterogeneity: Tau? = 0.64; Chi*=7.39,df =4 (P = 0.12); P = 46%

Test for overall effect: Z = 2.46 (P = 0.01)

Total (95% Cl) 61 45 100.0%  -1.13 [1.72, -0.53] R

Heterfogeneity: T;u’ = 0.2:;; Chiz = 13.57. d; =7 (P =0.16); P = 34% _j‘ 2 o 2 j‘
Test for overall effect: Z = 3.72 (P = 0.0002 :

Test for subaroup differences: Chiz = 0.16. df = 1 (P = 0.69). 12 = 0% FRBITS ipovmeriel, S leoniios

Experimental Control Std. Mean Difference Std. Mean Difference
Mes: al Me: : : 5% Cl IV. Random, 95% Cl

3.2.1 Anesthetia

Braun, 2016 99 75 9 107 &7 4 15.5% -0.11 [-1.28, 1.07] N
Kim, 2010 0.08 0.04 6 0.08 0.03 3 12.5% 0.00 [-1.38, 1.39]

Notturmo, 2014 (i) 62 6 12 78 14 12 20.4% -1.43 [-2.35, -0.52] .
Nottumo, 2014 (ji) 38 9 12 56 15 12 20.7% -1.33 [-2.23, -0.43] .
Subtotal (95% CI) 39 31 69.1% -0.84 [-1.57, 0.12] o

Heterogeneity: Tau? = 0.25; Chi* = 5.52, df = 3 (P = 0.14); ? = 46%
Test for overall effect: Z = 2.27 (P = 0.02)

3.2.3 No anesthetia

Zhang, 2020a 0.11 0.02 3 0.18 0.04 3 5.5% -1.77 [-4.11, 0.57] 63
Zhang, 2020b 0.11 0.01 3 0.19 0.03 3 3.2% -2.86 [-6.06, 0.33] 3

Subtotal (95% CI) 6 6 8.7% -2.15 [4.04, -0.26] ‘.’

Heterogeneity: Tau? = 0.00; Chi*=0.29, df=1 (P = 0.59); F =0%
Test for overall effect: Z = 2.23 (P = 0.03)

3.2.4 Unclear

Peruzzotti-Jametti, 2013 (i) 0.32 0.05 8 048 0.05 3 71% -2.93 [4.95, -0.90] ’
Peruzzotti-Jametti, 2013 (ii) 0.43 0.08 8 051 0.07 $§ 16.1% -0.97 [-2.18, 0.23] L
Subtotal (95% Cl) 16 8 221% -1.77 [-3.66, 0.11] *.'

Heterogeneity: Tau? = 1.19; Chi? = 2.65, df =1 (P = 0.10); P =62%
Test for overall effect: Z = 1.85 (P = 0.06)

Total (95% Cl) 61 45 100.0%  -1.13 [1.72, -0.53] E

] L

Heterogeneity: Tau? = 0.23; Chi? = 10.57, df = 7 (P = 0.16); I = 34% % 2 : : i
Test for overall effect: Z = 3.72 (P = 0.0002) ;

F tal] F tro
Test for subaroup differences: Chiz = 2.17. df = 2 (P = 0.34). 1> = 8.0% avours [experimental] Favours [control]
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Experimental Control
r r Mean D Total Mean D Total Weigh
9.1.1 No anesthetia
Zhang, 2020b 2.57 098 7 367 1.21 6 56.2%
Subtotal (95% CI) 7 6 56.2%

Heterogeneity: Not applicable
Test for overall effect: Z=1.78 (P = 0.07)

5.1.2 Unclear

Peruzzotti-Jametti, 2013 (i) 719 17 8 1045 2.16 3 25.8%
Peruzzotti-Jametti, 2013 (ii) 7.75 2.57 8 11.28 3.41 5 18.0%
Subtotal (95% CI) 16 8 43.8%
Heterogeneity: Tau? = 0.00; Chi2=0.01,df =1 (P =0.90); I2=0%

Test for overall effect: Z = 3.08 (P = 0.002)

Total (95% CI) 23 14 100.0%

Heterogeneity: Tau? = 0.93; Chi2 = 3.27, df = 2 (P = 0.20); 12 = 39%
Test for overall effect: Z=2.45 (P = 0.01)
Test for subaroup differences: Chiz2=3.25.df=1 (P =0.07). I2=69.3%

Mean Difference
IV, Random, 95% CI

Mean Difference

-1.10 [-2.31, 0.11]
-1.10 [-2.31, 0.11]

-3.26 [-5.97, -0.55]
-3.53 [-7.01, -0.05]
-3.36 [-5.50, -1.22]

-2.10 [-3.78, -0.42]

IV, Random, 95% CI
—
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