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Background: Over the last decade, transcranial direct current stimulation (tDCS) has set promise contributing to post-stroke gait rehabilitation. Even so, results are still inconsistent due to low sample size, heterogeneity of samples, and tDCS design differences preventing comparability. Nonetheless, updated knowledge in post-stroke neurophysiology and stimulation technologies opens up opportunities to massively improve treatments.

Objective: The current systematic review aims to summarize the current state-of-the-art on the effects of tDCS applied to stroke subjects for gait rehabilitation, discuss tDCS strategies factoring individual subject profiles, and highlight new promising strategies.

Methods: MEDLINE, SCOPUS, CENTRAL, and CINAHL were searched for stroke randomized clinical trials using tDCS for the recovery of gait before 7 February 2022. In order to provide statistical support to the current review, we analyzed the achieved effect sizes and performed statistical comparisons.

Results: A total of 24 records were finally included in our review, totaling n = 651 subjects. Detailed analyses revealed n = 4 (17%) studies with large effect sizes (≥0.8), n = 6 (25%) studies with medium ones (≥0.5), and n = 6 (25%) studies yielding low effects sizes (≤ 0.2). Statistically significant negative correlations (rho = −0.65, p = 0.04) and differences (p = 0.03) argued in favor of tDCS interventions in the sub-acute phase. Finally, significant differences (p = 0.03) were argued in favor of a bifocal stimulation montage (anodal M1 ipsilesional and cathodal M1 contralesional) with respect to anodal ipsilesional M1.

Conclusion: Our systematic review highlights the potential of tDCS to contribute to gait recovery following stroke, although also the urgent need to improve current stimulation strategies and subject-customized interventions considering stroke severity, type or time-course, and the use of network-based multifocal stimulation approaches guided by computational biophysical modeling.

Systematic review registration: PROSPERO: CRD42021256347.
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Highlights

- A systematic review of tDCS studies in post-stroke gait rehabilitation was carried out.

- Differences in clinically relevant outcomes influenced by post-stroke delay at treatment onset and stimulation strategy are reported.

- Future tDCS interventions based on analyzing activity changes are able to predict motor recovery, optimized stimulation montages, parameters, and model-based customization ought to be explored.



Introduction

The rehabilitation of stroke sequels is among the major health problems modern societies are currently facing. Stroke stands out as the first cause of disability and the second cause of mortality in adults (1), with <20% of the affected subjects able to return to their prior professional and personal life. Although it has been classically presented as impacting old adults, stroke is becoming “a disease of all ages”also affecting young survivors, thereby further increasing its socioeconomic burden (2–4). Derived neurological deficits present a large heterogeneity often affecting multiple motor, sensory, and cognitive domains. The occurrence and prevalence of its symptoms are related to several variables such as the extent and location of the brain injury, subject's age, and pre-lesional neurological status (5, 6). The ability to recover close-to-normal or normal gait is one of the key symptoms in order to achieve adaptive reintegration to a functional community life. However, gait limitations are observed in more than 80% of stroke survivors (7), of which 25% will suffer from severe chronic and enduring deficits (8, 9).

Gait emerges from intrinsic excitatory-inhibitory balances within the cerebral and spinal central nervous system (CNS) and dynamic influences with the peripheral nervous system (PNS) and muscle groups. Each node, as part of a highly distributed cerebral motor network (M1, SMA, premotor cortex, cerebellum, etc.), contributes to a complex set of motor sub-processes (initiation, maintenance, error control as well as learning, planning, consolidation of human gait, etc.). Although usually compromised by the presence of hemiplegia, sensory and cognitive deficits, and walking abilities, which are much less dependent on cortical resources than fine motor skills, are often less impacted following cortical damage and cerebral-site-specific maladaptive plasticity (10). For this reason, in recent years, novel motor rehabilitation approaches (particularly non-invasive stimulation after stroke affecting the upper limbs) have attracted major interest. Unfortunately, non-motor cognitive deficits, in particular attentional and executive dysfunctions, can endure and prevent or slow down further motor rehabilitation process. For this reason, they would need to be specifically approached and facilitated (11–15).

Some well-identified functions of the healthy brain seem to be modulated through mutually inhibitory trans-callosal interhemispheric interactions able to maintain homeostatic excitatory/inhibitory balance in areas of the CNS. Roughly speaking, after a stroke, activity in the damaged hemisphere has been shown to decrease while contralateral homologous areas increase, further inhibiting the damaged hemisphere and preventing spontaneous remapping and recovery in perilesional areas sharing similar connectivity features and behavioral contributions (16). Accordingly, balance in the rivalrous transcallosal inhibitory drive has been positively associated with the degree of spared motor function and ultimately with recovery rates (17). Recovery can be achieved by directly increasing the excitability of perilesional regions in the damaged hemisphere; by suppressing homotopic spared regions of the contralesional hemisphere; the former and the latter simultaneously, or finally by activating ipsilateral spared cortical cerebral or cerebellar regions connected with peri-lesion areas. In such a scenario, non-invasive brain stimulation (NIBS) technologies can locally modulate activity in either peri-lesional or spared cortical areas of the lesioned or contralesional hemisphere, and rebalancing disbalanced networks has become a widely employed therapeutic strategy.

The framework and predictions posed by the interhemispheric mutually inhibitory interaction model, which placed the emphasis on the importance of networks linking spared and damaged areas, remain very influential when planning and assessing the coherence of neuromodulation strategies in stroke subjects. This is particularly important in domains such as spatial attention and awareness deficits (hemispatial neglect), language deficits (aphasia), and upper limb motor paralysis. Nonetheless, novel approaches based on the identification from large databases of stroke cases of anatomical of functional determinants of spontaneous motor recovery are claiming increasing attention. Very particularly, structural connectivity-based models have identified areas linked by lesion-impacted white matter connectivity most frequently involved in the spontaneous recovery of upper limb function following damage, as a function of stroke baseline severity and phase locking (18). Most importantly, cortical regions that if adequately modulated through NIBS might be likely to drive functional recovery can be integrated when selecting the suitability of a stimulation strategy for the rehabilitation of stroke sequels.

Among different NIBS technologies, transcranial electrical stimulation (tES), which integrates transcranial direct current (tDCS), alternating current (tACS), and random noise (tRNS) stimulation, stands out thanks to its low cost, safety, and has set promise of synergistic impact when combined with conventional interventions (19, 20). To date, the clinical potential of tRNS is yet to be fully established in upper limb paralysis or gait rehabilitation. Differently, the effects of tACS have been evaluated in upper limb stroke rehabilitation (21) and shown to increase the strength of functional coupling between the primary motor cortex (M1) and the cerebellum at the beta and gamma bands (22, 23) in association with the control of muscle ankle activity in treadmill training (24). Nonetheless, tDCS remains the technological approach most widely evaluated for motor rehabilitation, and for this same reason, the focus of the current systematic review on gait recovery following stroke.

Transcranial DCS is based on the application of a low-intensity direct continuous current able to induce sub-threshold shifts of polarity-dependent membrane potentials and ensuing long-term potentiation/depression-like plasticity (25–27). Recent, meta-analyses addressed the impact of tDCS combined with other interventions on balance and postural control (28), gait and speed rehabilitation (29), and improvements in walking ability (30–32), and despite promising results, outcomes at the group level remain either heterogeneous or inconclusive. Such a disparity has been argued to emerge mainly from the large variety of post-ictal clinical presentations, baseline symptom severity, the influence of associated factors such as the presence of hemineglect, sensory or proprioceptive deficits, and the wide array of choices in tDCS parameters (cortical target, current intensity and density, electrode size, location, montages, etc.). A majority of tDCS trials have been carried out using the so-called “classic” bipolar electrode scheme based on a single anode and a single cathode delivering up to 2-mA peak intensity. Nonetheless, a move toward the use of multi-site set-ups targeting networks rather than isolated regions and a subject-customization of stimulation parameters guided by biophysical computational models and simulations of current distribution is slowly emerging in the field (33–35).

To contribute to this effort and ultimately improve motor rehabilitation following stroke, here we reviewed the state-of-the-art in the field by means of a systematic search and analysis of scientific literature reporting uses of tES, and particularly tDCS, for post-stroke gait impairments. On the finally selected sample of high-quality studies, we first assessed and quantified by recalculating effect sizes of the current success of tDCS strategies on gait rehabilitation following stroke; and second, we explored the influence of tDCS treatment intensiveness, periodicity, current intensity, and density, post-stroke time at tDCS treatment onset, and stimulation strategy on effect sizes across available outcome measures. On such a basis, we discussed the suitability of current tDCS strategies defined in terms of stimulation parameters and cortical targets used in the rehabilitation of gait following stroke. We finally discussed and speculated about novel tDCS targeting strategies, which take into account baseline severity and clinical progress pre-treatment onset, stroke lesion features, and individual subject's anatomy and brain features through biophysical computational models might help profile more efficient interventions.



Materials and methods

The current systematic review is presented according to the recommendations in the Preferred Reporting Items for Systematic Review and Meta-analyses: The PRISMA Statement (36). The protocol and systematic review were prospectively registered on June 2021 through PROSPERO: CRD42021256347.


 Data sources and search strategy

The previous literature search focused on stroke studies that used tDCS for the recovery of functional balance and walking, was conducted on 7 February 2022 using web-based databases including MEDLINE (through PubMed), SCOPUS, Cochrane Central Register of Controlled Trials (CENTRAL), and CINAHL (through EBSCOhost). Keywords with regard to the intervention, domain, and condition included the following: (“tES” OR “transcranial electrical stimulation” OR “tDCS” OR “transcranial direct current stimulation” OR “anod*” OR “cathod*”) AND (“balance” OR “posture” OR “gait” OR “walk” OR “locomotion”) AND (“stroke” OR “cerebrovascular accident” OR “brain ischemia”). Reference lists were manually screened by two independent expert observers to be identified by common agreement relevant studies.



Study eligibility criteria

Studies were included when the following criteria were met: (1) application of tES in human subjects with stroke of at least 18 years of age; (2) assessment of the effect of tES on the recovery of walk and/or balance including assessments of these parameters; (3) comparison of an active tES alone or combined with other rehabilitation approaches (excluding however other brain stimulation tools in combined therapeutic approaches); (4) randomized-controlled trials, including crossover and parallel designs; and (5) peer-reviewed articles published in English before 7 February 2022. Studies were excluded if the retrieved item (1) was a review study, a single case report, an editorial comment, or a meta-analysis of prior studies; (2) included stroke subjects with a prior history of other neurological or musculoskeletal diseases; (3) included healthy subjects or subjects with other neurological or musculoskeletal diseases as control groups; (4) consisted of abstracts with no associated full article published in a peer-reviewed English-speaking journal.



Study selection and data extraction

Authors XC-T, AV-C, and MC independently screened the retrieved studies by carefully reading titles and abstracts. Once a final agreement between reviewers was achieved, the following information was extracted from each article: (1) author/s and year of publication; (2) study design, demographics, and clinical characteristics; (3) total number of enrolled participants, number of participants included/completed the study, and number of participants in intervention/control group; (4) subject's age; (5) subject's gender; (6) subject's stroke type and baseline severity; (7) subject's stroke phase; (8) intervention protocol design; (9) stimulated targets; (10) methods used to localize cortical targets; (11) stimulation current intensity; (12) electrode size and current density; (13) total session number; (14) duration; (15) periodicity; (16) associated interventions performed on the experimental or control group during stimulation regimes; (17) outcome measures used to report the results; and (18) effect sizes. Data were extracted using a structured table (refer to summary in Table 1).


TABLE 1 Summary of included data by each of the 24 retained individual studies.
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Beyond a conventional systematic review and meta-analysis on gait rehabilitation (28–32), we here linked the study outcomes with potential factors that may be bearing on gait rehabilitation. To this end, we focused on characterizing functional improvements of gait velocity, endurance, and stability/mobility in post-stroke subjects evaluated through at least one of the following clinical tests or kinetic assessments: the 10-meter walk test (10MWT), the six-minute walking test (6mWT), the Timed Up and Go Test (TUG), Tinetti-POMA (T-POMA), and the Berg Balance Scale (BBS). We assessed potential relationships with maximum effect sizes across available tasks, 24–72 h after post-tDCS treatment and treatment intensiveness (total number of sessions), and periodicity (number of sessions per week). We also assessed the relationship between effect sizes and tDCS current intensity and density. Moreover, we assessed the efficacy of tDCS interventions in relation to variables informing indirectly on post-stroke plasticity events such as time post-stroke event at treatment onset. Finally, after the inspection of the stimulation strategies used in the included studies, retained items were divided according to their stimulation strategy based on electrode location in order to assess potential relationships with effect sizes and stimulation strategies.



Quality assessment of individual studies

Since our study focused on the modulation of motor functionality, the Physiotherapy Evidence Database (PEDro) was used to conduct study quality assessments. The PEDro scale has been proven valid and reliable (61) to evaluate the methodological quality of a set of eligible studies (62), based on the Delphi List criteria (63). It is based on the same items as the Cochrane Risk of Bias tool (CRBt) to assess the methodological quality of a clinical study, in which one point is given for each satisfied criterion. Since, item 1, which assesses external validity, is not used to calculate the PEDro total score, the final scores range between 0 and 10. Studies are considered to be of excellent quality (scores equal to or higher than 9/10), good quality (between 6 and 8/10), fair quality (between 4 and 5/10), and poor quality (lower or equal to 3/10).



Statistical analysis

In order to understand the effect of tDCS to facilitate gait recovery in post-stroke subjects compared to other rehabilitation strategies (i.e., physical exercise, robot-assisted gait therapy, etc.), we have conducted a series of statistical comparisons exploring clinical outcome improvement after tDCS interventions taking into account the most relevant parameters linked to different tDCS strategies. First, effect sizes (Cohen's d) were re-calculated using the outcomes of the earliest post-treatment evaluation (usually for all studies within 24–72 h after completing the treatment), on the 6mWT to assess gait endurance, the 10MWT, and/or kinetic tests to explore gait velocity, and TUG and/or T-POMA and/or BBS for the evaluation of gait stability/mobility. This specific post-tDCS treatment evaluation time was selected to avoid any influence of the last tDCS session. Moreover, 24–72 h after completing the treatment was the milestone most often reported between the selected publications (16 of 24), hence allowing the fairest comparison across studies. Estimations of the effect size at ulterior post-tDCS follow-up points failed due to the lack of available data in a consistent number of studies (only five provided data for accurate calculations hindering comparison).

Second, Spearman's rank-order correlation coefficient was used to explore possible interactions between tES achieved recovery effects (effect size) in endurance, velocity, and stability/mobility over the studies and treatment intensiveness, periodicity, tDCS current intensity, tDCS current density, and time since stroke episode. To better understand the purpose of the effect, multiple regressions were complementarily conducted. Then, studies were grouped and categorized by their characteristics [treatment intensiveness (N sessions total, categorized into four groups: 1–2 sessions, 3–7 sessions, 8–12 sessions, and +12 sessions), periodicity (N sessions × week, categorized into six groups: 1 session every 2 weeks, 1 session × week, 2 sessions × week, 3 sessions × week, 4 sessions × week, and 5 sessions × week), tDCS current intensity (categorized into three groups: 1mA, 1.5mA, and 2mA), current density (categorized into three groups: ≤ 0.05, 0.05 ≤ 0.08, and 5), time since stroke episode (N weeks post stroke, categorized into four groups: from 0 to 2 weeks, from 0 to 24 weeks, from 2 to 24 weeks, and + 24 weeks), and stimulation strategy (categorized into four groups: anodal ipsilesional M1 or SMA or leg area tDCS and contralateral supraorbital or prefrontal or inion return, cathodal contralesional M1 tDCS and ipsilesional supraorbital return, dual anodal, and cathodal M1 bilateral stimulation, cerebellar cathodal stimulation)]. After the categorization, data were tested with the Shapiro–Wilk test revealing a non-normal distribution. Then, the one-way Kruskal–Wallis test was used to analyze if there are any differences between groups within every characteristic regarding effect sizes. Only in case, the Kruskal–Wallis yielded statistically significant differences, and post-hoc analyses corrected for multiple comparisons using the Bonferroni method were performed. Statistical significance was set at p < 0.05. Note that for the stability/mobility outcome measures, which could be potentially represented by up to three clinical tests, when more than one test was available; statistical comparisons were computed on measures based on the mean value of the reported outcomes (nonetheless, notice this was the case of only two of the 24 studies, refer Table 1). Finally, significant results were represented in boxplots. Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS, v.25.0, IBM, USA).




Results

This systematic review includes items published before 7 February 2022. After the removal of duplicates and articles that did not meet selection criteria, a total of 24 controlled randomized (of which eight crossovers and 16 parallel/five single-blinded and 19 double-blinded) trials were included, totaling 651 subjects (37–60). The PRISMA 2020 flow diagram of the search process is shown in Figure 1.


[image: Figure 1]
FIGURE 1
 Flowchart of the literature search and study selection process.



Study selection and characteristics

A total of 457 studies were identified through the search in the four above-mentioned databases (from now on also referred to as “items”). After removing the duplicates and screening the titles and abstracts, 81 items (18%) were retained for full-text analysis by our two expert reviewers, of which 57 (70%) were excluded because they failed to meet inclusion/exclusion criteria. Of the 57 excluded items, 17 (30%) studies did not focus on the recovery of walk and/or balance neither included assessments of these parameters, six (11%) were not randomized-controlled trials, 4 (7%) included stroke subjects with a prior history of other neurological or musculoskeletal diseases, one (2%) included healthy subjects as control group lacking a sham parallel group, 24 (42%) items were not backed up by a full article published in a peer-reviewed English journal, one (2%) item was not written in English, and four (7%) worked in animal stroke models (Figure 1). All the 24 included studies were randomized-controlled trials, 16 (67%) used a parallel design, 8 (33%) a cross-over design, 19 (79%) implemented a double-blinded scheme, and 5 (21%) a single-blinded scheme; 21 (87%) had a sham control group and 3 (12%) used an active control group. The sample size ranged from 8 to 81 participants. Characteristics of the included studies are summarized in Table 1.



Quality assessment

PEDro scores of the included 24 studies ranged from 6 to 10 and the mean quality of the studies reached a qualification of “good”; the average score for analyzed articles was 7/10. Besides, six items (25%) reached scores deemed of “excellent” quality and 18 items (33%) were considered of “good” quality. All studies specified eligibility criteria. The full PEDro assessment is shown in Table 2.


TABLE 2 Item by item PEDRO scores for each individual study included in the review.
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Subjects: Demographic and individual considerations

Taken together, all studies included a total of 651 subjects of both genders (383 men and 213 women), gender remained unclear or unreported for 55 subjects. The mean average age was 60 years; 491 subjects had an ischemic stroke; 129 subjects were reported as having suffered a hemorrhagic stroke, whereas stroke type remained unspecified for 31 subjects. It should be noted that for most of the participants, the stroke episode was the first-ever ischemic event. Regarding time post-stroke, nine studies (37%) included subjects recruited in the acute-subacute phase and 15 (62%) at the chronic stage. The 24 retained studies were classified into three different levels (mild, medium, and severe) according to the severity of post-stroke impairment at baseline of their cases and their pre-defined severity inclusion criteria. In that context, two studies (8%) included subjects with a mild-medium baseline impairment, 14 (58%) subjects with a medium baseline impairment, 6 (25%) subjects with a medium-severe baseline impairment, whereas 1 (4%) and 2 (8%) studies included, respectively, only severe or mild-to-severe subject cases.



TDCS methods

All 24 studies (100%) aimed to manipulate a single cortical target either excitatorily or inhibitorily, through the application of tDCS using saline-soaked sponges of different sizes. The vast majority of the selected studies, 23 out of 24 (96%), used bipolar montages (i.e., one anode and one cathode), with the exception of a single study (4%) (43), that used a high-density stimulation montage (4 × 1 HD-tDCS system). In the same vein, the vast majority of reports, 22 out of 24 (91%), based their interventions on upregulation and/or downregulation of motor cortical areas through the modulation of trans-callosal rivalrous interactions. Current intensities and current densities varied from 1 to 2 mA and from 0.04 mA/cm2 to 0.63 mA/cm2, respectively. Note that, in our review, a low number of tDCS sessions were not considered an exclusion criterion. Accordingly, we distinguished two types of study designs: those that sought a therapeutic “cumulative effect” by applying several consecutive tDCS sessions (equal or more than five sessions) and those whose design was “experimental” and delivered a few sessions (less than five sessions). The total number of delivered tDCS sessions per treatment among all included studies oscillated between 1 and up to 20 active tDCS sessions. However, from those trials seeking a cumulative therapeutic effect (16 out of 24, i.e., 66%), the large majority of them (15 out of 16, i.e., 93%) delivered ~10 sessions with a periodicity of three to five sessions per week and an average duration of 10–20 min of tDCS per session. The vast majority of selected studies were carried out on chronic stroke subjects (15 out of 24, 62%) and focused on the modulation of ipsilesional M1 (21 out of 24, 87%) resources via an indirect effect on spared contralesional M1 through trans-callosal inhibition. A single study (4%) investigated the effects of tDCS on the supplementary motor area (48), whereas two studies (8%) used the cerebellum as a stimulation target (53, 54). Electrode allocation was based on the 10/20 EEG system in 14 of 24 studies (58%), based on the 10/20 EEg system considering anatomical limits in 4 of 24 (16%), based on hotspot localization with TMS MEP in 4 of 24 (16%) and not reported in two studies (8%). None of them used neither MRI-based neuronavigation systems nor E-field individualized predictions. Finally, from all the selected 24 studies, only one (4%) reported having used a standard healthy MRI-based finite element (FEM) biophysical computational modeling to predict electrical current distribution and optimized ad hoc electrode montage accordingly (43).



Outcome measures and statistics

The current review focuses on improvements of function captured by well-established clinical tests related to gait velocity, stability/mobility, and endurance sub-functions, all contributing to gait ability which can be measured and monitored separately but is poorly informative when considered in isolation. Statistical outcomes should be interpreted cautiously given the differences between studies regarding the number of sessions, subject clinical profile, and baseline severity or the quality and availability of data. Additionally, some of the 24 studies retained for this review may have used different and non-purely clinical assessment measures than those our systematic focused on to assess tDCS impact on gait recovery which is the topic at the core of the current paper (such TMS evoked motor evoked potentials (MEP) or spatio-temporal gait parameters extracted from kinematic or electromyographic analyses). Hence, it might be the case that effect sizes calculated with such non-direct clinical measures, which we will not report on, are generally larger due to their higher sensibility in spite of being less informative for the clinically relevant gait improvements.

If one classifies the 24 selected studies considering the maximum and grand average of effect sizes across all reported tests assessing the impact of tDCS on gait and balance (between 24 and 72 h post-treatment offset) included in our selection of tasks and independently of their individual statistical significance (refer Table 1), four studies (16%) reported large effect sizes (≥0.8), six reports (25%) medium effects sizes (≥0.5), whereas, in six studies (25%), stimulation yielded low effects sizes (≤0.2). Note that velocity outcome measures (allowing effect size recalculation) were reported in 11 of the 24 included studies, stability/mobility outcomes in 10 of 24 studies, and endurance outcomes in only four of 24 studies. Importantly, essential data necessary to estimate effect sizes were missing for eight studies (33%) and hence could not be added to these analyses.

The four studies in which tDCS yielded large (across all different reported tasks) effect sizes involved subacute and chronic subjects who experienced significant improvement effects on mobility, gait velocity, and/or endurance, after applying either bifocal tDCS (anodal M1 ipsilesional, cathodal M1 contralesional) or anodal stimulation to the ipsilesional M1 with a cathodal supraorbital contralateral return (55–58). The number of active sessions applied in these four reports varied from 1 to 12 sessions, with intensities from 1 to 2 mA and current densities between 0.05 and 0.08 mA/cm2. Importantly, nearly all of these tDCS studies (three out of four) carried “live” rehabilitation programs for gait and/or balance training (in regimes of multiple days), and undertook tDCS before the onset of rehabilitation sessions, hence avoiding “online” rehabilitation (i.e., performed in temporal simultaneity with tDCS treatment). Additionally, it should be noted that the pre-therapeutic “proof of principle” study by Tahtis and colleagues (58) even if classified among those showing high effect sizes, consisted of a single tDCS session delivered at rest without associated rehabilitation, and hence cannot be directly compared to the remaining three studies, which delivered a regime of several days of stimulation in search of lasting effects.

The six studies yielding medium effect sizes delivered mainly anodal tDCS on the ipsilesional M1 positioning the return electrode on the supraorbital contralateral area or cathodal stimulation on the contralesional spared M1 positioning the anode in the prefrontal ipsilesional cortex (39, 42, 44, 47–49). The number of active-delivered daily sessions varied from 1 to 20 at intensities from 1 to 2 mA and current densities between 0.04 and 0.08 mA/cm2. Importantly, four of the six studies were coupled to an online (hence simultaneous) motor rehabilitation program involving balance and/or gait training during tDCS stimulation, one study implemented a rehabilitation program immediately following each tDCS intervention, whereas one study did not couple stimulation to a planned rehabilitation program reports that tDCS sessions were followed by 1 h of motor activity.

Finally, the six studies reporting low effects applied anodal tDCS over the ipsilesional M1 leg motor area or on a scalp position lateral to Cz (according to EEG 10/20 reference system) with the cathode on a supraorbital contralateral site. The number of active sessions varied from 1 to 20 tDCS active sessions at intensities of 2 mA in all cases and current densities between 0.05 and 0.22 mA/cm2. In three of these six studies, stimulation was combined with concomitant rehabilitation during participation in the protocol and also online rehabilitation during tDCS delivery (45, 51, 52); in one of them, online rehabilitation was combined during tDCS sessions in the absence of any associated concurrent rehabilitation program during the participation in the protocol (46). Finally, two studies applied tDCS without online concurrent rehabilitation during tDCS or any other type of rehabilitation (38, 59).

Regarding the eight studies for which we were unable to calculate effect sizes due to insufficient data in any of the outcome measures, five of them reported statistically significant improvements following active tDCS compared to sham stimulation (37, 40, 50, 53, 60); whereas, in contrast, three reports failed to find statistically significant effects of stimulation (41, 43, 54). The number of active tDCS sessions varied from 1 to 12 sessions using intensities ranging from 1.5 to 2 mA and current densities ranging between 0.05 and 0.63 mA/cm2. The tDCS strategies used by such eight studies were either anodal stimulation over the ipsilesional M1, cathodal stimulation over the contralesional spared M1, or bifocal bi-hemispheric tDCS. For three of the eight studies, stimulation sessions were combined with online rehabilitation and while participants also followed concurrent rehabilitation programs during their participation, in one study, tDCS was immediately followed by a rehabilitation session, and one study applied tDCS along online rehabilitation but in the absence of any concurrent rehabilitation program, whereas two studies simply applied tDCS at rest without any kind of either ongoing or concurrent rehabilitation.

Finally, regarding our statistical analysis, Spearman's correlation revealed significant negative correlations between the effect size of tDCS impact on stability/mobility measures and the number of elapsed weeks post-stroke at treatment onset (rho = −0.65, p = 0.04). Additionally, a one-way Kruskal–Wallis test revealed statistically significant differences (p = 0.04) between these same outcomes at the group level. Post-hoc analysis revealed differences in treatments onsetting at the subacute stage (2–24 weeks) compared to the chronic stage (+24 weeks) as a group analysis (p = 0.03). These outcomes strongly argue in favor of an early (subacute) compared to a late (chronic) clinical therapeutic window of opportunity, with a higher potential for effective tDCS neuromodulation. Even so, given that independent variables can together affect dependent variables, we conducted standard multiple regression to better understand our results taking stability/mobility measures as dependent variables and treatment intensiveness, periodicity, tDCS current intensity, tDCS current density, and time since stroke as independent variables. However, no significant results were reached (F(5, 4) = 0.69, p = 0.65, R2 = 0.46) and any of the independent variables proved to be significant predictor of stability/mobility improvement (p = 0.73, p = 0.49, p = 0.87, p = 0.53, p = 0.24, respectively).

On the other hand, a Kruskal–Wallis test reached significance (p = 0.03) between the effect size of tDCS on stability/mobility and stimulation strategy arguing in favor of the bifocal stimulation montage (anodal M1 ipsilesional and cathodal M1 contralesional) with respect to anodal M1 ipsilesional stimulation alone with supraorbital contralesional cathodal return. No other statistically significant correlations or group differences were found between effect sizes in velocity or endurance vs. treatment intensiveness, periodicity, tDCS current intensity, stimulation strategy, tDCS current density, and time since stroke episode, or between effect sizes in stability/mobility vs. treatment intensiveness, periodicity, tDCS current intensity, or tDCS current density. Data distribution of the two measures showing significant group differences is represented in Figure 2.
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FIGURE 2
 Distribution of effect sizes according to the characteristics of the retained studies (n = 24 publications included). Study characteristics were grouped and categorized [time since stroke episode (N weeks post-stroke, categorized in 4 groups: from 0 to 2 weeks, from 0 to 24 weeks, from 2 to 24 weeks, + 24 weeks) and stimulation strategy (categorized in 4 groups: anodal ipsilesional M1 or SMA or leg area tDCS and contralateral supraorbital or prefrontal or inion return, cathodal contralesional M1 tDCS and ipsilesional supraorbital return, dual anodal and cathodal M1 bilateral stimulation, cerebellar cathodal stimulation)]. Only measures that showed statistically significant differences in the Kruskal Wallis test are presented in the figure form stability/mobility effect size with respect to time since stroke (N weeks post-stroke) and stimulation strategy (electrode positions). Boxplots were drawn from the 25th to the 75th percentile and the horizontal line indicates the mean. Boxplots were generated in SPSS (IBM, USA). Effect size representation in boxplots was normalized from 0 = minimum, to 1.3 = maximum. AM1i, anodal primary motor cortex ipsilesional; ASOi, anodal supraorbital ipsilesional; Cb, cerebellum; CM1c, cathodal primary motor cortex contralesional; CSOc, cathodal supraorbital contralesional. *Statistically significant, p < 0.05.





Discussion

The current systematic review summarizes and evaluates peer-reviewed studies published in English language journals until 7 February 2022, assessing the use of tDCS for gait rehabilitation in stroke subjects. We aimed to characterize current state-of-the-art and assess the efficacy of most common strategies and methodologies to improve future therapeutic applications in stroke subjects for gait and associated motor and cognitive deficits. Our systematic review also implemented a complementary statistical strategy to explore the influence of time post-stroke at treatment onset, tDCS current intensity and density, tDCS treatment intensiveness, tDCS treatment periodicity, and tDCS strategy on effect sizes achieved by individual studies on tasks assessing gait velocity, endurance, and stability/mobility. The influence of these specific parameters was explored to shed further light on how they might impact modulatory ability so that the most efficient stimulation parameters and strategies could be planned to maximize post-injury plastic adaptive reorganization across specific windows of opportunity and subject's conditions.

Our review work identified at least 10 studies (out of 16 items with available data, and a total set of 24) with moderate or high effect sizes suggesting that tDCS remains a promising strategy to facilitate the recovery of different aspects of gait following stroke. Nonetheless, according to prior meta-analyses on this topic, our own analyses on general effect sizes revealed a rather modest impact at the group level (28–32). On such a basis, we emphasize the role of inter-individual differences in response to treatment (in turn determined by factors such as baseline clinical severity and time between stroke event and treatment onset or stimulation strategy and interactions thereof) as responsible for weakening therapeutic impact in large subject cohorts. In this context, we hypothesize that therapeutic individualization might be one of the key strategies to improve the clinical success of tDCS on gait rehabilitation following stroke. This effort first needs to be articulated by designing clinical trials which stratify subjects on the basis of baseline symptom severity at the time of treatment onset and “tailored” neuromodulation strategies based on pre-defined biomarkers predictive of beneficial responses to tDCS treatment such as (among additional potential others): corticospinal tract integrity (64–68), lesion location, extent, time post-injury and state of ongoing activity on lesional, perilesional, and spared associated areas (18, 69–73). Unfortunately, to date, very few of these relevant variables have been systematically tested in clinical trials and their influence had been explored in multivariate studies combining them rather than addressing each one at a time.


Neurostimulation strategies for gait rehabilitation

Our detailed inspection of available evidence for the effects of tDCS on gait rehabilitation following stroke according to well-stated criteria (a total of 24 publications included in the analyses of the current review) demonstrates that (as is the case for upper-hand rehabilitation peer-reviewed research) a large majority of therapeutic tDCS stroke studies in this field rely on the manipulation of trans-callosal interhemispheric inhibitory interactions (17, 74) (Figure 3A). Furthermore, our own statistical analyses suggest that immediate post-treatment effect sizes across individual studies and outcome stability/mobility measures scaled significantly (rho = −0.65, p = 0.04) with time post-stroke, and show that the implementation of tDCS rehabilitation programs during the subacute phase achieved higher effect sizes than those acting at later stages. More specifically, interventions onsetting up to 2–24 weeks post-stroke (sub-acute period), when perilesional and spared brain systems are more prone to functional reorganization, may have more chances to achieve clinical success than those operating at a later chronic stage.
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FIGURE 3
 Schematic drawing presenting the types of tDCS targets and stimulation strategies for anode and cathode placing used for gait rehabilitation following a motor stroke (data is summarized and presented in the example for a left hemisphere stroke). (A) Different tDCS montages used by the studies (n = 24 publications) retained in the current review, presented on a top view of a brain in relation to the targeted region (in labels). Anodes are indicated in red whereas cathodes are shown in blue. Yellow lines represent the anode-cathode connection of each montage. (B) Most used tDCS montages at the subacute or acute stage (left) or the chronic stage (right) following stroke considering symptom baseline severity (moderate vs. severe impairment) extracted from the studies (n = 24) retained for the current review paper. Red shadowed brain areas signal sites for induced tDCS activity likely beneficial to motor recovery [according to Koch et al. (18)]. BcC, Buccinator contralesional; BcI, buccinator ipsilesional; C, Contralesional; Cb, Cerebellum; Cz, Cz position in 10/20 EEG system; DLPC, Dorsolateral Prefrontal cortex; I, Ipsilesional; L, left; M1, Primary motor; R, Right; SM, Sensorimotor cortex; SMA, Supplementary motor area; SO, Supraorbital.


The current systematic review and associated analyses also suggest that tDCS might be more prone to increase the activity of spared residual perilesional networks around the areas of stroke damage, hence better suited than the manipulation of spared/intact remote circuitry (with similar input-output connectivity patterns and neurophysiological coding strategies for the impaired functions) to effectively support the remapping of lost functions. Concomitantly, contralesional hyperactivity generated by a partial loss of the inhibitory drive from the injured hemisphere may play a compensatory role, acting as a recovery-promoting mechanism, especially at acute stages following large lesions (18, 75). In this regard, the inhibition of perilesional activity mediated by a local over-expression of extra synaptic GABAA receptors in neuronal resources hosted in the penumbra periolesional region around the stroke area and beyond has been reported as persisting for more than a month. Most importantly, reversing this inhibition has been shown to improve motor prognosis (76, 77). The latter observation supports the notion that the modulation of such activity from either local (i.e., by enhancing perilesional activity directly on the stroke region) or distant (i.e., by suppressing areas from the spared contralateral hemisphere exerting an abnormally intense inhibitory drive onto perilesional regions) targets is key to achieving some level of functional remapping and benefit clinical recovery.

Similar “push and pull” rivalrous interaction mechanisms mediated by mutually inhibitory projections have also been reported between nodes of widespread cerebral and cerebellar motor networks. In this regard, during the transition from the acute to the subacute post-stroke phase, decreases in ipsilesional M1 function contrasting with lesion size and location-dependent activity increases of ipsilesional premotor regions, supplementary motor area (SMA), the contralesional cerebellum, and the contralesional M1 have been reported and interpreted as a spontaneous brain compensatory reactions able to preserve motor output (75, 78, 79). On such basis, most studies focusing on post-stroke gait rehabilitation in the sub-acute phase have opted for strategies inhibiting contralesional M1 activity and/or by exciting ipsilesional M1 systems, yielding significant improvements at the group level. Nonetheless, such effects have been proven to be quite heterogeneous across subjects and studies. Moreover, a lack of clinically relevant effects has also been often reported for net excitatory effects of stimulation delivered to the ipsilesional hemisphere.

In such context, the notion of a bell's shape function relating post-stroke clinical severity at baseline and levels of functional recovery, emphasizing the importance of a specific window of gait impairment that maximizes a beneficial impact of stimulation has emerged in the domain. Exactly to this regard, recent connectivity-based clinical predictive models exploring the influence of damaged white matter projections in stroke subjects (18), based on fractional anisotropy measures, suggest that subjects with mild-to-intermediate baseline impairments showing greater levels of sparing in relevant bilateral structural connectivity bundles [involving not only in primary motor (M1), ventral premotor (PMv) but also the ipsilesional inferior frontal gyrus (IFG), and bilateral parietal cortices, somatosensory areas and attentional regions] tended to achieve greater recovery levels than those in which such connectivity was damaged (Figure 3B.1). Nonetheless, 3-month post-injury, relevant structural connectivity of moderately injured subjects associated with significant spontaneous recovery changes, particularly when subcortical structures of the injured hemisphere were affected, encompassed the contralesional cerebellum, and of frontal, premotor, and somatosensory areas. Three months after stroke, spontaneous plasticity processes have been shown to weaken, and at such an advanced stage, sustained contralesional hyperactivity is associated with worse clinical outcomes, hence considered deleterious for the recovery of mild motor impairment, whereas paradoxically, it might remain beneficial for large corticospinal tract lesions (73, 78–80). This same predictive model reveals that for subjects with mild-to-intermediate motor impairments, relevant structural connectivity warranting recovery varies with respect to severely affected subjects, highlighting the need for individualized interventions (18).

All in all, severity- and phase-dependent vicariation (81) and neural compensation by functional remapping or reorganization in novel pathways and cortical and subcortical areas (including the cerebellum) underline the chances for adaptive plasticity and clinical recovery of motor function (75) (Figure 3B.2). Most importantly, the dynamic nature of such phenomenon can be captured by computational models, which might anticipate prognosis and inspire more effective subject-customized therapies to regain motor abilities. However, current connectivity-based predictive models for motor recovery have been developed for upper limb impairments, hence set up rules might not necessarily directly apply and adequately inform gait rehabilitation, highlighting the need to extend such work (18) to different motor, sensory, and cognitive domains.



Identifying optimal strategies to increase TDCS efficacy in post-stroke gait rehabilitation

Our analyses revealed statistically significant correlations (p = 0.03) between the effect size of tDCS treatment on stability/mobility and stimulation strategy, arguing in favor of the bifocal stimulation montage (anodal M1 ipsilesional and cathodal M1 contralesional) with respect to anodal M1 ipsilesional stimulation alone with supraorbital contralesional cathodal return. This suggests that tDCS studies implementing strategies coherent with current knowledge or state-of-the-art connectivity-based predictive models, sensitive to stroke phase-specific activity changes ultimately tied to spontaneous adaptive plasticity may have the potential to result in greater clinical effects than those that did not. This outcome highlights the importance of closely monitoring and characterizing (from the acute to the chronic post-stroke phase) brain activity dynamics related to adaptive spontaneous plasticity experienced by subjects and using stimulation to guide and promote that in order to optimally enhance recovery.

Additionally, technical aspects related to tDCS delivery such as the electrode placement, the electrode montages, or the magnitude of delivered currents but most importantly predicted current density (V/m) on the pursued cortical target have been found to influence therapeutic outputs. Whereas, in contrast, no significant correlations were found between post-tDCS effect sizes and delivered current intensity (in mA) or density (intensity/electrode surface). Further attempts to identify potential relationships between the effect sizes of tDCS impact and the latter factor failed due to the lack of available data to accurately estimate such parameters in a significant number of studies. Nonetheless, one main and single reason explains this outcome; delivered field intensity (in mA) which was indeed well reported in a majority of studies or electrode current density (in mA/cm2) inform poorly on peak current density (V/m) achieved at a given cortical target. In the absence of direct intracranial recordings, an accurate estimation of electric field strength (|E|) or the normal component of the electric field (nE) at target would require the computation of a head and brain biophysical model simulating current distribution based on individual subject MRI-based models (at worst, on a standard representative MRI volume) which a great majority of studies lacked (34, 82, 83). To overcome this limitation in the future, studies should be encouraged to include model-based estimations of the predicted electrical field (specially |E| and |nE|) revealed by standard or individualized biophysical head–brain FEM models.

Most current tDCS multichannel systems (i.e., using more than two electrodes) allow for the simultaneous stimulation of different cortical areas. Moreover, the uses of such technologies guided by MRI-based computational biophysical modeling systems such as NeMo-TMS (84) ROAST (85), or SimNIBS (86) can contribute to a more precise control of the distribution of electrical flow, providing a tool to fulfill subject-customized optimized stimulation strategies. Unreasonably, despite biophysical FEM computational models are being used in other clinical settings is yet to become mainstream to be used in post-stroke motor rehabilitation, to adequately dose tDCS and assist the design of individually tailored interventions. Regardless, precise and reliable targeting informed by current distribution models taking into account individual anatomical head/brain models is not the only variable that must be mastered to adequately predict outcomes. For example, given that stroke is indeed a network dysfunction, the status of time-correlated oscillatory activity and interregional synchrony operating at different frequency bands seems also paramount in this regard. More specifically, decreases in posterior alpha (10–12 Hz) and beta-band oscillation power (14–20 Hz, closer to the lesion), global increases of delta (1–4 Hz) and theta (4–8 Hz) synchronization, broadband interhemispheric oscillatory asymmetries (15–50 Hz) with lower power in the injured hemisphere and alpha and beta power decreases related to changes of functional connectivity (87–89) are some post-stroke electrophysiological features considered for optimizing therapeutical interventions at the group or the individual level. Once such individual biomarkers are tested and validated, two tES modalities, Transcranial Alternate Current Stimulation (tACS) and Random Noise Stimulation (tRNS), are able to entrain and desynchronize, respectively, beta- and gamma-related activity in motor networks, open the possibility to design novel stimulation strategies which might show higher efficacy by manipulating the synchrony and correcting the abnormal rhythms, rather than simply operating on the activity levels.



Setting the stage for future innovative TDCS strategies in the rehabilitation of stroke

Promising tDCS stimulation strategies and predictive models based on spurring beneficial (i.e., adaptive) dynamic changes or limiting maladaptive reorganization following stroke for rehabilitation are continuously being proposed. Given current knowledge on the importance of involved structural connectivity for motor rehabilitation depending on lesional stage and damage severity, plus the added possibility of using multichannel (hence multipolar or multi-site) tDCS systems combined with new electric flow distribution prediction algorithms with higher focality, two innovative approaches that to date have never been systematically developed are called to gain momentum; however, our propositions still need to be clearly discussed and explored in controlled trials to assess their feasibility. First, as proposed by Otal et al., a multi-site stimulation strategy aiming to boost the re-learning and consolidation of motor skills could be achieved by driving simultaneous activity increases of ipsilesional sensorimotor cortex S1, ipsilesional M1, and the anterior lobe of the contralesional cerebellum, while simultaneously decreasing contralesional M1 contributions (Figure 4). In the same vein, a viable alternative adapted to even more severe subjects may consist of upregulating the activity of the ipsilesional M1 while downregulating activity in contralesional primary sensorimotor areas S1, contralesional M1, and contralesional anterior cerebellum (90).
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FIGURE 4
 Proposal for an optimized multipolar stimulation solution for ‘gait/motor rehabilitation’ [see Otal et al. (90)] following a unilateral stroke motor lesion affecting the left hemisphere, based on a standard 8 channels tDCS device, electrode size: πcm2 Ag/AgCl, aiming at delivering 0.25 V/m at each target [(1) M1 ipsilesional, (2) SM cortex ipsilesional, and (3) anterior cerebellum contralesional] on the basis of 4mA total injected current, and a constrained by a maximum of 2 mA on each individual electrode. Model optimization has been generated from a headreco routine (FEM) of the MNI152 template in SimNIBS 3.2.3 maximizing focality while controlling the E-field strength. Pictures were extracted from the Neuroelectrics Instrument Controller® interface. Cb, cerebellum; DLPC, dorsolateral prefrontal cortex; M1, primary motor; SM, sensorimotor cortex; V/m, volts per meter; E, total field strength; nE, normal component of the electric field.


Second, some studies have recently shown that motor and attentional systems [particularly the dorsal attentional network (DAN)] interact during stroke rehabilitation and influence chances for recovery (6, 13, 14). On such basis, a multi-site and multi-domain approach (15, 91) aiming to simultaneously increase activity in the dorso-lateral prefrontal cortex (DLPC) and the cerebellum in moderate-to-severely affected subjects in subacute or chronic stroke stages (refer Figure 5) could potentiate the therapeutic effect of tDCS on post-stroke gait impairments by acting in a synergistic manner on two separate but associated cognitive domains subtended by two different networks. Despite the potential of the cerebellum to contribute to motor relearning, key challenges still need to be addressed before it can be used as a clinical target. Especially, given the particular anatomy of the cerebellum and the dependency of electrophysiological effects on the spatial distribution of neurons and electric field distribution, different cell populations in the cerebellar cortex can antagonistically respond to transcutaneous stimulation. Therefore, it is necessary to better understand the natural effect of cerebellar stimulation and identify individual online responses adequately to dose stimulation for clinical applications (92–95). Additionally, another key element to optimize the therapeutic impact of tDCS relies on the design of stimulation strategies that consider state-dependency principles, integrating the level and nature of the activity operating on the targeted region (i.e., monitoring brain activity through EEG or fNIRS approaches) and its associated networks at the time of stimulation. As mentioned above, the distributed nature of stroke, involving alterations of local and network excitability and metabolism (including dysfunction in rhythmic coding and local and interregional synchronization events), will require the development of multi-site stimulation technologies that are able to operate on different sets of extended networks (instead of on just a few isolated nodes), allowing the simultaneous excitation, inhibition, synchronization, or desynchronization of local or distant nodes belonging to areas of the same or different networks.
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FIGURE 5
 Proposal for an optimized multipolar stimulation strategy implementing “combined cognitive/motor rehabilitation” [see Wessel and Hummel (91)] following a unilateral stroke motor lesion in the example affecting the left hemisphere, based on a standard 8 channels tDCS device, electrode size: πcm2 Ag/AgCl, aiming at delivering 0.25V/m at each target [(1)DLPC ipsilesional and (2) anterior cerebellum contralesional] on the basis of 4mA total injected current, and a constrained by a maximum of 2 mA on each individual electrode. Model optimization has been generated from a headreco routine (FEM) of the MNI152 template in SimNIBS 3.2.3 maximizing focality while controlling the E-field strength. Pictures were extracted from the Neuroelectrics Instrument Controller® interface. Cb, cerebellum; DLPC, Dorsolateral Prefrontal cortex; V/m, volts per meter; E, total field strength; nE, normal component of the electric field.


Overall, neurostimulation will be in a better position to make significant contributions to clinical practice in the field of gait recovery (as for any other cognitive, motor, or sensory impairment) by: (1) improving our understanding on the anatomical systems and neurophysiological mechanisms facilitating spontaneous recovery mechanisms of such functions; (2) considering individualized stimulation protocols based, among other relevant factors, on baseline clinical severity, lesion location and extent, clinical phase and after ascertaining residual activity and preserved functional connectivity; (3) through the development of individual MRI-based computational modeling of electrical current distribution to optimize and customize interventions according to simulations, which take into account each subject's head and brain anatomical features; (4) considering the combination of neurostimulation with robust rehabilitation programs and other assistive tools (e.g., robot-assisted gait training, peripheric stimulation, trans-spinal stimulation) with priming, synergistic, or facilitatory effects, either during the online delivery of the stimulation and/or concurrently with neuromodulation sessions; (5) integrating real-time online monitoring tools of cortical activity during stimulation (either by EEG, fNIRS, or behavioral outcomes) allowing flexible and individualized treatments adapted to changes of cortical state eventually using stimulation as a part of embedded real-time close-loop technologies; Finally, (6) by implementing novel stimulation strategies able to modulate activity simultaneously different brain regions or networks and operate simultaneously on different motor, sensory or cognitive domains all contributing to regain adaptive gait.



Methodological limitations

A number of limitations affecting our review paper should be mentioned and called for caution when interpreting our results: (1) We only included randomized clinical trials published in English; hence, we might have overlooked relevant studies published in other languages that may have nuanced the outcomes of our review work and associated statistical analyses; (2) We applied astringent selection criteria hence included only high-quality controlled studies. Accordingly, we left aside a number of “pilot” studies which could have eventually provided interesting information on the topic at hand and further tuned some of our findings; (3) Data included in our study came from reports implementing a diversity of designs, not always focusing on the same outcome measures nor assessing at such identical follow-up points, a fact that could have also contributed to weaken the significance of some of the reported outcomes; (4) To minimize the impact of scarcity of data or missing values for some studies, we selected our measures of choice for tDCS impact and the time points at which those were tested among those most frequently represented in our sample; consequently, our conclusions apply to such specific conditions and we cannot rule out if they may vary whether other measures or time points were to be considered; and (5) To classify the selected studies according to their effect sizes and to later explore the influence of several variables on tDCS outcomes, we focused on the highest effect size of all available tasks (among those selected as reference tasks in the review) and we estimated a grand average of effect sizes across multiple available tasks. Although effects sizes were all calculated on a common basis, the final estimates might not be equally representative of gait changes induced by tDCS and may vary across studies.




Summary and conclusions

We here analyzed high-quality studies assessing the impact of tDCS on post-stroke gait (by means of mobility, endurance, and velocity measures), and quantitatively assessed the impact of delivered tDCS intensiveness, tDCS treatment periodicity, post-stroke time at tDCS treatment onset, tDCS stimulation strategy, tDCS current intensity, and density for available gait selected measures, assessed 24–72 h after treatment offset. Statistically significant negative correlations and differences were found between the duration of the post-stroke period at the time of treatment onset and effect sizes induced by tDCS on gait stability/mobility outcome measures, suggesting that early treatments at the subacute stage achieve better outcomes than those applied at the chronic stroke phase. Moreover, statistically significant differences were found between stability/mobility and the stimulation strategy (electrode placement) arguing in favor of bifocal or dual tDCS montages (anodal M1 ipsilesional combined with cathodal M1 contralesional).

Transcranial DCS has shown promise as a co-adjuvant therapeutic approach in the rehabilitation of motor and cognitive deficits following stroke. It has been thoroughly tested and studied in the recovery of post-stroke upper limb recovery, for which a recent structural connectivity-based predictive model of areas guiding potential recovery exists. The current review extends this analysis to the field of post-stroke gait deficits and provides a basis to foster further work in this area. Our study emphasizes the need to develop and test new stimulation rationals which focus on the modulation of new sets of relevant targets organized in extended networks and consider the simultaneous modulation of systems subtending different motor, sensory, or cognitive domains with a common bearing on gait function. Collaterally, our study also contributes to an ongoing debate about the consequences of assessing tDCS outcomes by estimating group averages from cohorts of subjects receiving the exact same treatment regardless of their distinctive anatomical, neurophysiological, or clinical features. The pros and cons for tDCS clinical trials to apply individual subject-customized strategies factoring in stroke severity, time course, stroke type (ischemic vs. hemorrhagic), lesion site combined with the integration of anatomically- and biophysically based electrical field computational simulations remain an ongoing discussion.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

XC-T planned and performed the literature search, analyzed the data, and drafted the first version of the manuscript. AV-C and MC conceptualized and coordinated the study, verified the selection of retained literature and set up a strategy for data analysis, data presentation, and interpretation. AV-C and MC contributed with XC-T to write the final manuscript after multiple iterations. MF and RM provided expertise on several stages of the project on the literature search and data interpretation. All authors contributed to the article and approved the submitted version.



Funding

XC-T was supported by a PhD grant from the University Rovira and Virgili. The laboratory of AV-C is also supported by research grants of the Agence National de la Recherche (ANR), projet Générique OSCILOSCOPUS, and BRAINMAG, Flag-era-JTC-HBM CAUSALTOMICS, the IHU-A-ICM-Translationnel, ICM Neurocatalyst HEMIANOTACSand funding by the Fondation pour la Recherche sur l'Alzheimer (FRA) on stimulation and brain dysfunction.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Feigin VL, Norrving B, Mensah GA. Global burden of stroke. Circ Res. (2017) 120:439–48. doi: 10.1161/CIRCRESAHA.116.308413

 2. di Carlo A. Human and economic burden of stroke. Age Ageing. (2009) 38:4–5. doi: 10.1093/ageing/afn282

 3. Rajsic S, Gothe H, Borba HH, Sroczynski G, Vujicic J, Toell T, et al. Economic burden of stroke: a systematic review on post-stroke care. Eur J Health Econ. (2019) 20:107–34. doi: 10.1007/s10198-018-0984-0

 4. Rochmah TN, Rahmawati IT, Dahlui M, Budiarto W, Bilqis N. Economic burden of stroke disease: a systematic review. Int J Environ Res Public Health. (2021) 18:7552. doi: 10.3390/ijerph18147552

 5. Rathore SS, Hinn AR, Cooper LS, Tyroler HA, Rosamond WD. Characterization of incident stroke signs and symptoms findings from the atherosclerosis risk in communities study. Stroke. (2002) 33:2718–21. doi: 10.1161/01.STR.0000035286.87503.31

 6. Ramsey LE, Siegel JS, Lang CE, Strube M, Shulman GL, Corbetta M. Behavioural clusters and predictors of performance during recovery from stroke. Nature Human Behaviour. (2017) 1:1–10. doi: 10.1038/s41562-016-0038

 7. Duncan PW, Zorowitz R, Bates B, Choi JY, Glasberg JJ, Graham GD, et al. Management of adult stroke rehabilitation care: a clinical practice guideline. Stroke. (2005) 36:100–143. doi: 10.1161/01.STR.0000180861.54180.FF

 8. Hendricks HT, van Limbeek J, Geurts AC, Zwarts MJ. Motor recovery after stroke: a systematic review of the literature. Arch Phys Med Rehabil. (2002) 83:1629–37. doi: 10.1053/apmr.2002.35473

 9. Hankey GJ, Spiesser J, Hakimi Z, Bego G, Carita P, Gabriel S. Rate, degree, and predictors of recovery from disability following ischemic stroke. Neurology. (2007) 68:1583–7. doi: 10.1212/01.wnl.0000260967.77422.97

 10. Minassian K, Hofstoetter US, Dzeladini F, Guertin PA, Ijspeert A. The human central pattern generator for locomotion: does it exist and contribute to walking? Neuroscientist. (2017) 23:649–63. doi: 10.1177/1073858417699790

 11. Stephens S, Kenny RA, Rowan E, Allan L, Kalaria RN, Bradbury M, et al. Neuropsychological characteristics of mild vascular cognitive impairment and dementia after stroke. Int J Geriatr Psychiatry. (2004) 19:1053–7. doi: 10.1002/gps.1209

 12. Jacquin A, Binquet C, Rouaud O, Graule-Petot A, Daubail B, Osseby GV, et al. Post-stroke cognitive impairment: high prevalence and determining factors in a cohort of mild stroke. J Alzheimers Dis. (2014) 40:1029–38. doi: 10.3233/JAD-131580

 13. Hsu HM, Yao ZF, Hwang K, Hsieh S. Between-module functional connectivity of the salient ventral attention network and dorsal attention network is associated with motor inhibition. PLoS ONE. (2020) 15:1–15. doi: 10.1371/journal.pone.0242985

 14. Barrett AM, Boukrina O, Saleh S. Ventral attention and motor network connectivity is relevant to functional impairment in spatial neglect after right brain stroke. Brain Cogn. (2019) 129:16–24. doi: 10.1016/j.bandc.2018.11.013

 15. Draaisma LR, Wessel MJ, Hummel FC. Non-invasive brain stimulation to enhance cognitive rehabilitation after stroke. Neurosci Lett. (2020) 719:133678. doi: 10.1016/j.neulet.2018.06.047

 16. Pascual-Leone A, Amedi A, Fregni F, Merabet LB. The plastic human brain cortex. Annu Rev Neurosci. (2005) 28:377–401. doi: 10.1146/annurev.neuro.27.070203.144216

 17. Murase N, Duque J, Mazzocchio R, Cohen LG. Influence of interhemispheric interactions on motor function in chronic stroke. Ann Neurol. (2004) 55:400–9. doi: 10.1002/ana.10848

 18. Koch PJ, Park CH, Girard G, Beanato E, Egger P, Evangelista GG, et al. The structural connectome and motor recovery after stroke: predicting natural recovery. Brain. (2021) 144:2107–19. doi: 10.1093/brain/awab082

 19. Antal A, Alekseichuk I, Bikson M, Brockmöller J, Brunoni AR, Chen R, et al. Low intensity transcranial electric stimulation: safety, ethical, legal regulatory and application guidelines. Clinical Neurophysiology. (2017) 128:1774–809. doi: 10.1016/j.clinph.2017.06.001

 20. Klooster DCW, de Louw AJA, Aldenkamp AP, Besseling RMH, Mestrom RMC, Carrette S, et al. Technical aspects of neurostimulation: focus on equipment, electric field modeling, and stimulation protocols. Neurosci Biobehav Rev. (2016) 65:113–41. doi: 10.1016/j.neubiorev.2016.02.016

 21. Takeuchi N, Izumi SI. Motor learning based on oscillatory brain activity using transcranial alternating current stimulation: a review. Brain Sci. (2021) 11:1095. doi: 10.3390/brainsci11081095

 22. Wessel MJ, Park C. hyun, Beanato E, Cuttaz EA, Timmermann JE, Schulz R, et al. Multifocal stimulation of the cerebro-cerebellar loop during the acquisition of a novel motor skill. Sci Rep. (2021) 11:1–14. doi: 10.1038/s41598-021-81154-2

 23. Giustiniani A, Tarantino V, Bonaventura RE, Smirni D, Turriziani P, Oliveri M. Effects of low-gamma tACS on primary motor cortex in implicit motor learning. Behav Brain Res. (2019) 376:112170. doi: 10.1016/j.bbr.2019.112170

 24. Koganemaru S, Kitatani R, Fukushima-Maeda A, Mikami Y, Okita Y, Matsuhashi M, et al. Gait-synchronized rhythmic brain stimulation improves poststroke gait disturbance: a pilot study. Stroke. (2019) 50:3205–12. doi: 10.1161/STROKEAHA.119.025354

 25. Nitsche MA, Liebetanz D, Antal A, Lang N, Tergau F, Paulus W. Modulation of cortical excitability by weak direct current stimulation - technical, safety and functional aspects. In: Supplements to Clinical Neurophysiology. Amsterdam: Elsevier B.V. (2003), p. 255–76. doi: 10.1016/S1567-424X(09)70230-2

 26. Stagg CJ, Antal A, Nitsche MA. Physiology of transcranial direct current stimulation. J ECT. (2018) 34:144–52. doi: 10.1097/YCT.0000000000000510

 27. Cirillo G, di Pino G, Capone F, Ranieri F, Florio L, Todisco V, et al. Neurobiological after-effects of non-invasive brain stimulation. Brain Stimul. (2017) 10:1–18. doi: 10.1016/j.brs.2016.11.009

 28. Kang N, Lee RD, Lee JH, Hwang MH. Functional balance and postural control improvements in patients with stroke after noninvasive brain stimulation: a meta-analysis. Arch Phys Med Rehabil. (2020) 101:141–53. doi: 10.1016/j.apmr.2019.09.003

 29. Vaz PG, Salazar AP da S, Stein C, Marchese RR, Lukrafka JL, Plentz RDM, et al. Noninvasive brain stimulation combined with other therapies improves gait speed after stroke: a systematic review and meta-analysis. Top Stroke Rehabil. (2019) 26:201–13. doi: 10.1080/10749357.2019.1565696

 30. Bornheim S, Thibaut A, Beaudart C, Maquet P, Croisier JL, Kaux JF. Evaluating the effects of tDCS in stroke patients using functional outcomes: a systematic review. Disabil Rehabil. (2020) 1−11. doi: 10.1080/09638288.2020.1759703

 31. Li Y, Fan J, Yang J, He C, Li S. Effects of transcranial direct current stimulation on walking ability after stroke: a systematic review and meta-analysis. Restor Neurol Neurosci. (2018) 36:59–71. doi: 10.3233/RNN-170770

 32. Tien HH, Liu WY, Chen YL, Wu YC, Lien HY. Transcranial direct current stimulation for improving ambulation after stroke: a systematic review and meta-analysis. Int J Rehabil Res. (2020) 299–309. doi: 10.1097/MRR.0000000000000427

 33. Sendra-Balcells C, Salvador R, Pedro JB, Biagi MC, Aubinet C, Manor B, et al. Convolutional neural network MRI segmentation for fast and robust optimization of transcranial electrical current stimulation of the human brain. bioRxiv. (2020) 1–23. doi: 10.1101/2020.01.29.924985

 34. Saturnino GB, Siebner HR, Thielscher A, Madsen KH. Accessibility of cortical regions to focal TES: dependence on spatial position, safety, and practical constraints. Neuroimage. (2019) 203:116183. doi: 10.1016/j.neuroimage.2019.116183

 35. Saturnino GB, Madsen KH, Thielscher A. Optimizing the electric field strength in multiple targets for multichannel transcranial electric stimulation. J Neural Eng. (2021) 18. doi: 10.1088/1741-2552/abca15

 36. Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS medicine. (2009) 6:e1000097. doi: 10.1371/journal.pmed.1000097

 37. Andrade SM, Ferreira JJDA, Rufino TS, Medeiros G, Brito JD, da Silva MA, et al. Effects of different montages of transcranial direct current stimulation on the risk of falls and lower limb function after stroke. Neurol Res. (2017) 39:1037–43. doi: 10.1080/01616412.2017.1371473

 38. Cattagni T, Geiger M, Supiot A, de Mazancourt P, Pradon D, Zory R, et al. A single session of anodal transcranial direct current stimulation applied over the affected primary motor cortex does not alter gait parameters in chronic stroke survivors. Neurophysiol Clin. (2019) 49:283–93. doi: 10.1016/j.neucli.2019.07.012

 39. Chang MC, Kim DY, Park DH. Enhancement of cortical excitability and lower limb motor function in patients with stroke by transcranial direct current stimulation. Brain Stimul. (2015) 8:561–6. doi: 10.1016/j.brs.2015.01.411

 40. Danzl MM, Chelette KC, Lee K, Lykins D, Sawaki L. Brain stimulation paired with novel locomotor training with robotic gait orthosis in chronic stroke: a feasibility study. NeuroRehabilitation. (2013) 33:67–76. doi: 10.3233/NRE-130929

 41. Fusco A, Assenza F, Iosa M, Izzo S, Altavilla R, Paolucci S, et al. The ineffective role of cathodal tDCS in enhancing the functional motor outcomes in early phase of stroke rehabilitation: an experimental trial. Biomed Res Int. (2014) 2014:547290. doi: 10.1155/2014/547290

 42. Geroin C, Picelli A, Munari D, Waldner A, Tomelleri C, Smania N. Combined transcranial direct current stimulation and robot-assisted gait training in patients with chronic stroke: a preliminary comparison. Clin Rehabil. (2011) 25:537–48. doi: 10.1177/0269215510389497

 43. Kindred JH, Kautz SA, Wonsetler EC, Bowden MG. Single sessions of high-definition transcranial direct current stimulation do not alter lower extremity biomechanical or corticomotor response variables post-stroke. Front Neurosci. (2019) 13:286. doi: 10.3389/fnins.2019.00286

 44. Klomjai W, Aneksan B, Pheungphrarattanatrai A, Chantanachai T, Choowong N, Bunleukhet S, et al. Effect of single-session dual-tDCS before physical therapy on lower-limb performance in sub-acute stroke patients: a randomized sham-controlled crossover study. Ann Phys Rehabil Med. (2018) 61:286–91. doi: 10.1016/j.rehab.2018.04.005

 45. Leon D, Cortes M, Elder J, Kumru H, Laxe S, Edwards DJ, et al. TDCS does not enhance the effects of robot-assisted gait training in patients with subacute stroke. Restor Neurol Neurosci. (2017) 35:377–84. doi: 10.3233/RNN-170734

 46. Liang JN, Ubalde L, Jacklin J, Hobson P, Wright-Avila S, Lee YJ. Immediate effects of anodal transcranial direct current stimulation on postural stability using computerized dynamic posturography in people with chronic post-stroke hemiparesis. Front Human Neurosci. (2020) 14:341. doi: 10.3389/fnhum.2020.00341

 47. Madhavan S, Cleland BT, Sivaramakrishnan A, Freels S, Lim H, Testai FD, et al. Cortical priming strategies for gait training after stroke: a controlled, stratified trial. J Neuroeng Rehabil. (2020) 17:111. doi: 10.1186/s12984-020-00744-9

 48. Manji A, Amimoto K, Matsuda T, Wada Y, Inaba A, Ko S. Effects of transcranial direct current stimulation over the supplementary motor area body weight-supported treadmill gait training in hemiparetic patients after stroke. Neurosci Lett. (2018) 662 CC-:302–5. doi: 10.1016/j.neulet.2017.10.049

 49. Mitsutake T, Sakamoto M, Nakazono H, Horikawa E. The effects of combining transcranial direct current stimulation and gait training with functional electrical stimulation on trunk acceleration during walking in patients with subacute stroke. J Stroke Cerebrovasc Dis. (2021) 30:N.PAG-N.PAG. doi: 10.1016/j.jstrokecerebrovasdis.2021.105635

 50. Ojardias E, Azé OD, Luneau D, Mednieks J, Condemine A, Rimaud D, et al. The effects of anodal transcranial direct current stimulation on the walking performance of chronic hemiplegic patients. Neuromodulation. (2020) 23:373–9. doi: 10.1111/ner.12962

 51. Park S, Kim J, Song HS. Effect of application of transcranial direct current stimulation during task-related training on gait ability of patients with stroke. J Phys Ther Sci. (2015) 27:623–5. doi: 10.1589/jpts.27.623

 52. Picelli A, Chemello E, Castellazzi P, Roncari L, Waldner A, Saltuari L, et al. Combined effects of transcranial direct current stimulation (tDCS) and transcutaneous spinal direct current stimulation (tsDCS) on robot-assisted gait training in patients with chronic stroke: a pilot, double blind, randomized controlled trial. Restor Neurol Neurosci. (2015) 33:357–68. doi: 10.3233/RNN-140474

 53. Picelli A, Chemello E, Castellazzi P, Filippetti M, Brugnera A, Gandolfi M, et al. Combined effects of cerebellar transcranial direct current stimulation and transcutaneous spinal direct current stimulation on robot-assisted gait training in patients with chronic brain stroke: a pilot, single blind, randomized controlled trial. Restor Neurol Neurosci. (2018) 36:161–71. doi: 10.3233/RNN-170784

 54. Picelli A, Brugnera A, Filippetti M, Mattiuz N, Chemello E, Modenese A, et al. Effects of two different protocols of cerebellar transcranial direct current stimulation combined with transcutaneous spinal direct current stimulation on robot-assisted gait training in patients with chronic supratentorial stroke: a single blind, randomi. Restor Neurol Neurosci. (2019) 37(2 CC-Stroke):97–107. doi: 10.3233/RNN-180895

 55. Prathum T, Piriyaprasarth P, Aneksan B, Hiengkaew V, Pankhaew T, Vachalathiti R, et al. Effects of home-based dual-hemispheric transcranial direct current stimulation combined with exercise on upper and lower limb motor performance in patients with chronic stroke. Disabil Rehabi. (2022) 44:3868–79. doi: 10.1080/09638288.2021.1891464

 56. Saeys W, Vereeck L, Lafosse C, Truijen S, Wuyts FL, van de Heyning P. Transcranial direct current stimulation in the recovery of postural control after stroke: a pilot study. Disabil Rehabil. (2015) 37:1857–63. doi: 10.3109/09638288.2014.982834

 57. Seo HG, Lee WH, Lee SH Yi Y, Kim KD, Oh BM. Robotic-assisted gait training combined with transcranial direct current stimulation in chronic stroke patients: a pilot double-blind, randomized controlled trial. Restor Neurol Neurosci. (2017) 35:527–36. doi: 10.3233/RNN-170745

 58. Tahtis VM, Kaski DM, Seemungal BMM, Tahtis VM, Seemungal BMM. The effect of single session bi-cephalic transcranial direct current stimulation on gait performance in subacute stroke. J Neurol. (2014) 32(4 CC-Stroke):S165. doi: 10.3233/RNN-140393

 59. Utarapichat S, Kitisomprayoonkul W. Effects of transcranial direct current stimulation on motor activity of lower limb muscles in chronic stroke. J Med Assoc Thai. (2018) 101:131–6.

 60. van Asseldonk EH, Boonstra TA. Transcranial direct current stimulation of the leg motor cortex enhances coordinated motor output during walking with a large inter-individual variability. Brain Stimul. (2016) 9(2 CC-Stroke CC-Complementary Medicine):182–90. doi: 10.1016/j.brs.2015.10.001

 61. de Morton NA. The PEDro scale is a valid measure of the methodological quality of clinical trials: a demographic study. Aust J Physiother. (2009) 55:129–33. doi: 10.1016/S0004-9514(09)70043-1

 62. Moseley AM, Herbert RD, Sherrington C, Maher CG. Evidence for physiotherapy practice: a survey of the Physiotherapy Evidence Database (PEDro). Aust J Physiother. (2002) 48:43–9. doi: 10.1016/S0004-9514(14)60281-6

 63. Verhagen AP, de Vet HCW, de Bie RA, Kessels AGH, Boers M, Bouter LM, et al. The Delphi list: a criteria list for quality assessment of randomized clinical trials for conducting systematic reviews developed by Delphi consensus. J Clin Epidemiol. (1998) 51:1235–41. doi: 10.1016/S0895-4356(98)00131-0

 64. Morishita T, Hummel FC. Non-invasive brain stimulation (NIBS) in motor recovery after stroke: concepts to increase efficacy. Curr Behav Neurosci Rep. (2017) 4:280–9. doi: 10.1007/s40473-017-0121-x

 65. Schulz R, Braass H, Liuzzi G, Hoerniss V, Lechner P, Gerloff C, et al. White matter integrity of premotor-motor connections is associated with motor output in chronic stroke patients. NeuroImage Clin. (2015) 7:82–6. doi: 10.1016/j.nicl.2014.11.006

 66. Schulz R, Park E, Lee J, Chang WH, Lee A, Kim YH, et al. Synergistic but independent: the role of corticospinal and alternate motor fibers for residual motor output after stroke. NeuroImage Clin. (2017) 15(December 2016):118–24. doi: 10.1016/j.nicl.2017.04.016

 67. Rüber T, Schlaug G, Lindenberg R. Compensatory role of the cortico-rubro-spinal tract in motor recovery after stroke. Neurology. (2012) 79:515–22. doi: 10.1212/WNL.0b013e31826356e8

 68. Lindenberg R, Renga V, Zhu LL, Betzler F, Alsop D, Schlaug G. Structural integrity of corticospinal motor fibers predicts motor impairment in chronic stroke. Neurology. (2010) 74:280–7. doi: 10.1212/WNL.0b013e3181ccc6d9

 69. Kraus D, Naros G, Bauer R, Khademi F, Leão MT, Ziemann U, et al. Brain state-dependent transcranial magnetic closed-loop stimulation controlled by sensorimotor desynchronization induces robust increase of corticospinal excitability. Brain Stimul. (2016) 9:415–24. doi: 10.1016/j.brs.2016.02.007

 70. Leite J, Morales-Quezada L, Carvalho S, Thibaut A, Doruk D, Doruk D, et al. Surface EEG-transcranial direct current stimulation (tDCS) closed-loop system. Int J Neural Syst. (2017) 27:1750026. doi: 10.1142/S0129065717500265

 71. Raco V, Bauer R, Tharsan S, Gharabaghi A. Combining TMS and tACS for closed-loop phase-dependent modulation of corticospinal excitability: a feasibility study. Front Cell Neurosci. (2016) 10:1–8. doi: 10.3389/fncel.2016.00143

 72. Dmochowski JP, Datta A, Bikson M, Su Y, Parra LC. Optimized multi-electrode stimulation increases focality and intensity at target. J Neural Eng. (2011) 8:046011. doi: 10.1088/1741-2560/8/4/046011

 73. Raffin E, Hummel FC. Restoring motor functions after stroke: multiple approaches and opportunities. Neuroscientist. (2018) 24:400–16. doi: 10.1177/1073858417737486

 74. Boddington LJ, Reynolds JNJ. Targeting interhemispheric inhibition with neuromodulation to enhance stroke rehabilitation. Brain Stimul. (2017) 10:214–22. doi: 10.1016/j.brs.2017.01.006

 75. Guggisberg AG, Koch PJ, Hummel FC, Buetefisch CM. Brain networks and their relevance for stroke rehabilitation. Clin Neurophysiol. (2019) 130:1098–124. doi: 10.1016/j.clinph.2019.04.004

 76. Lai TW, Zhang S, Wang YT. Excitotoxicity and stroke: identifying novel targets for neuroprotection. Prog Neurobiol. (2014) 115(C):157–88. doi: 10.1016/j.pneurobio.2013.11.006

 77. Dmochowski JP, Datta A, Huang Y, Richardson JD, Bikson M, Fridriksson J, et al. Targeted transcranial direct current stimulation for rehabilitation after stroke. Neuroimage. (2013) 75:12–9. doi: 10.1016/j.neuroimage.2013.02.049

 78. di Pino G, Pellegrino G, Assenza G, Capone F, Ferreri F, Formica D, et al. Modulation of brain plasticity in stroke: a novel model for neurorehabilitation. Nat Rev Neurol. (2014) 10:597–608. doi: 10.1038/nrneurol.2014.162

 79. Hara Y. Brain plasticity and rehabilitation in stroke patients. J Nippon Med Sch. (2015) 82:4–13. doi: 10.1272/jnms.82.4

 80. Dimyan MA, Cohen LG. Neuroplasticity in the context of motor rehabilitation after stroke. Nat Rev Neurol. (2011) 7:76–85. doi: 10.1038/nrneurol.2010.200

 81. Finger S. Chapter 51 Recovery of function: redundancy and vicariation theories. In: Handbook of Clinical Neurology. 3rd ed. Amsterdam: Elsevier B.V. (2010), p. 833–41. doi: 10.1016/S0072-9752(08)02151-9

 82. Antonenko D, Thielscher A, Saturnino GB, Aydin S, Ittermann B, Grittner U, et al. Towards precise brain stimulation: is electric field simulation related to neuromodulation? Brain Stimul. (2019) 12:1159–68. doi: 10.1016/j.brs.2019.03.072

 83. Datta A, Truong D, Minhas P, Parra LC, Bikson M. Inter-individual variation during transcranial direct current stimulation and normalization of dose using MRI-derived computational models. Front Psychiatry. (2012) 3:1–8. doi: 10.3389/fpsyt.2012.00091

 84. Shirinpour S, Hananeia N, Rosado J, Tran H, Galanis C, Vlachos A, et al. Multi-scale modeling toolbox for single neuron and subcellular activity under transcranial magnetic stimulation. Brain Stimul. (2021) 14:1470–82. doi: 10.1016/j.brs.2021.09.004

 85. Huang Y, Datta A, Bikson M, Parra LC. Realistic volumetric-approach to simulate transcranial electric stimulation - ROAST - a fully automated open-source pipeline. J Neural Eng. (2019) 16:056006. doi: 10.1088/1741-2552/ab208d

 86. Saturnino GB, Puonti O, Nielsen JD, Antonenko D, Madsen KH, Thielscher A. SimNIBS 2.1: a comprehensive pipeline for individualized electric field modelling for transcranial brain stimulation. In: Makarov S, Horner M, Noetscher G, editors. Brain and Human Body Modeling. Cham: Springer (2019). p. 3–25. doi: 10.1007/978-3-030-21293-3_1

 87. Snyder DB, Schmit BD, Hyngstrom AS, Beardsley SA. Electroencephalography resting-state networks in people with stroke. Brain Behav. (2021) 11:18–35. doi: 10.1002/brb3.2097

 88. Rabiller G, He JW, Nishijima Y, Wong A, Liu J. Perturbation of brain oscillations after ischemic stroke: a potential biomarker for post-stroke function and therapy. Int J Mol Sci. (2015) 16:25605–40. doi: 10.3390/ijms161025605

 89. Finnigan S, van Putten MJAM, EEG. in ischaemic stroke: quantitative EEG can uniquely inform (sub-)acute prognoses and clinical management. Clin Neurophysiol. (2013) 124:10–9. doi: 10.1016/j.clinph.2012.07.003

 90. Otal B, Dutta A, Foerster Á, Ripolles O, Kuceyeski A, Miranda PC, et al. Opportunities for guided multichannel non-invasive transcranial current stimulation in poststroke rehabilitation. Front Neurol. (2016) 7:21. doi: 10.3389/fneur.2016.00021

 91. Wessel MJ, Hummel FC. Non-invasive cerebellar stimulation: a promising approach for stroke recovery? Cerebellum. (2018) 17:359–71. doi: 10.1007/s12311-017-0906-1

 92. Batsikadze G, Rezaee Z, Chang DI, Gerwig M, Herlitze S, Dutta A, et al. Effects of cerebellar transcranial direct current stimulation on cerebellar-brain inhibition in humans: a systematic evaluation. Brain Stimul. (2019) 12:1177–86. doi: 10.1016/j.brs.2019.04.010

 93. Rezaee Z, Ranjan S, Solanki D, Bhattacharya M, Srivastava MVP, Lahiri U, et al. Feasibility of combining functional near-infrared spectroscopy with electroencephalography to identify chronic stroke responders to cerebellar transcranial direct current stimulation—a computational modeling and portable neuroimaging methodological study. Cerebellum. (2021) 20:853–71. doi: 10.1007/s12311-021-01249-4

 94. Wessel MJ, Draaisma LR, Hummel FC. Mini-review: transcranial alternating current stimulation and the cerebellum. Cerebellum. (2022). doi: 10.1007/s12311-021-01362-4

 95. Solanki D, Rezaee Z, Dutta A, Lahiri U. Investigating the feasibility of cerebellar transcranial direct current stimulation to facilitate post-stroke overground gait performance in chronic stroke: a partial least-squares regression approach. J Neuroeng Rehabil. (2021) 18:18. doi: 10.1186/s12984-021-00817-3



OPS/images/fneur-13-953939-g005.gif
036 mv

o270

a0y
122w
TCs 0534
FE 0560mA
a Créotsna [ CATHODES
P10 083 A
o2 ai0mA





OPS/images/fneur-13-953939-t001.jpg
References Design

Andrade et al. RCT parallel,

¢7) double
blinded, sham
controlled

Cattagni etal RCT

(38) cross-over,
double

blinded, sham

controlled

Changetal. RCT parallel,

(39) double
blinded, sham
controlled

Danl etal. RCT parallel,

(40) double
blinded, sham

controlled

Fusco et al. RCT parallel
(1) double
blinded, sham

controlled

Geroin etal. RCT parallel,
“2) double
blinded, sham

controlled

Kindred et al. RCT parallel,
(43) double
blinded, sham

controlled

Klomjai et al.
(44) over, double
blinded, sham

controlled

RCT- cross

Leon et al. (45) RCT parallel,
single blind,

active control

Liangetal. RCT

(46) cross-over,
double
blinded, sham
controlled

Madhavan RCT parallel,
etal. (47) double
blinded, sham

controlled

jietal. (48) RCT
cross-over,
double
blinded, sham

controlled

Mitsutake
etal. (49)

RCT parallel,
single blind,
sham

controlled

Ojardias et al. RCT

(50) cross-over,
double
blinded, sham

controlled

Park etal. (51) RCT parallel,
not reported,
sham

controlled

Picell etal. RCT parallel,
(52) double
blinded, sham

controlled

icelli etal. RCT parallel,
(53) single blind,

active control

Picelli et al. RCT parallel,
(5) single blind,

active control

Prathum et al. RCT parallel,
(59) double
blinded, sham

controlled

Saeys etal. (56) RCT
cross-over,
double
blinded, sham

controlled

Seo etal. (57) RCT paallel,
double
blinded, sham

controlled

Tahtis etal. RCT parallel,
68 double
blinded, sham

controlled

Utarapichat RCT
etal. (59) cross-over,
single blind,
sham

controlled

van Asseldonk RCT
etal. (60) cross-over,
double
blinded, sham

controlled

A, anodal; AMT, ankle motor tracking; AS, Ashworth scal
F/ i 1, the fall:

nal ambulatory catey
gastrocnemius medialis; HIS
extremity; M1, primary motor area;
supplementary motor area;
test; GmWT, six-minute wal
‘The acute phase was co

was based on the inclusion criteria of the studi

5-16, stroke impact scale 16; $
g test; SHPT, nine hold peg
dered within the first 2 weeks after stroke, the subacute phase between the

Subjects N
(included/
finished;
intervention
group/control
group; age;
man/woman)

Tvs. F: 60/60
Igvs.Cg:
15/15/15/15
Ag69:£32
Mos. W: 35/25

Tvs. F: 24/24
Igvs. Cg: 12/12
AgSTEI3
Mos. W: 19/5

Tvs. F:24/24
Igvs. Cg: 12/12
Ag: 628 104
Mvs. W: 15/9

Tvs. F:8/8
Igvs. Cg:6/2
Ag 678117
Mvs. W: 4/4

Tvs. F: 14/11
Igvs. Cg/7
Ag:5836% 143
Mvs. W:5/5

Tvs. F: 30/30
Igvs. Cg:10/10/10
Ag 62764
Mvs. W:23/7

Ivs. F:21/18
Igvs. Cg:7/717
Ag 618 %125
M vs. W: Not

reported

Tvs. F: 19/19
Igvs. Cg: 19/19
Ag572428
Movs. W: 1475

Tvs. F: 50/49
Igvs.Cg:9/17/23
Ag 811
Mvs. W: 34715

Ivs. E: 10/10
Igvs. Cg: 10/10
Ag 58995
M vs. W: Not

reported

Tvs. F:81/81
Igvs. Cg:
20120121120
Ag:S87497
Mvs. W:55/26

Tvs. F: 30130
Igvs. Cg: 30/30
Ag629£105
Mvs. W:21/9

Tvs. F:34/31
Igvs. Cg 12/11/11
Ag 7264107
Moys. W: 19/15

Ivs.F:20/18
Igvs. Cg: 18/18
Ag574436
Mvs. W: 12/6

Tvs.F:24/24
Igvs. Cg: 8/8/8
Ag:59.44106
M vs. W: Not

reported

Tvs. F: 30/30
Igvs. Cg: 10/10/10
Ag 628483
Mvs. W: 22/8

Ivs.F:20/20
Igvs. Cg: 10/10
Ag:62.7 410
Mvs. W: 13/7

Ivs. F:40/39
Ig vs. Cg: 20/19
Ag 646 10.1
Mvs. W:23/17

Tvs. F: 26/24
Igvs. Cg: 12/12
Ag57.75£245
Mvs. W 15/9

£ 31/31

vs. Cg: 31/31
Ag 632842
Mvs. W: 17/14

Tvs.F:21/17
Igvs. Cg:8/9
Ag 62489
M vs. W: 16/5

Tvs. F: 14/14
Igvs. Cg:7/7
Ag6L8E 12
Mos. W:l1/3

Tvs. F: 10/10
Igvs.Cg:5/5
Ag 571122
Movs. W: 6/4

Tvs. F: 10/10
Igvs. Cg: 10/10
AgS8E 11
Movs. W 4/6

nd the comprehes

BBs, berg balance scale; BONE

lex; Online rhb, tD(
L, soleus;

. sit o stand test;
-meter walking test.

n of the baseline

Stroke
demographics
(type/phase/
baseline
impairment)

601 Acute-subacute
Medium

171/7H Chronic
Mild-medium

241 Acute-subacute

Medium

51/3H Chronic

Medium-severe

111 Subacute

Mild-severe

301 Chronic
Medium

Not reported

Chronic Medium

191 Subacute
Medium

291/21H Subacute

Severe

Not reported

Chronic Medium

531/28H Chronic
Medium

171/13H Subacute
Medium

281/6H Subacute
Medium

151/3H Chronic
Medium

161/8H Chronic

Mild-medium

301 Chronic

Medium-severe

201 Chronic

Medium-severe

401 Chronic

Medium-severe

241 Chronic
Medium

291/5H Subacute
Medium

161/5H Chronic
Medium

141 Subacute

Medium

101 Chronic

Medium

81/2H Chronic
Medium

four square step tes

A, anterior tibi

ssment results.

‘Target areas and electrode
positions (anodal vs.
cathodal), tools used to
allocate targets

Group A:
A-M1 ipsilesional

C-supraobital contralesional
Group B:

A-M1 ipsilesional

C-M contralesional

Group C:

A-supraorbital ipsilesional

C-M1 contralesional

10720 EEG system and anatomical
limits

Aleg area of the ipsilesional motor
cortex, aterally to Cz
C-supraobital contralesional
10/20 EEG system and anatomical

limits

A-TA area of the ipsilesional motor
cortex

C- supraorbital contralesional
Hotspot detected with TMS MEP

A-center of leg area (cz)

C-supraorbital area

Adpsilesional shoulder
C-Contralesional M1
10/20 EEG system

Adlpsilesional leg area

C-Supraorbital contralesional

Group A:

HD 4 x 1 montage with the A-M1
ipsilesional

Group B_

HD 4 x 1 montage with the C-M1
ipsilesional

10/20 EEG system +
computational modeling for E-field

prediction

A-Ml ipsilesional
C-M1 contralesional
10/20 EEG System and anatomical

limits

Group A:
A-Czvertex

Cright supraorbital area
Group B:

A-Ml ipsilesional
C-Supraorbital contralesional
10/20 EEG system

A-M1 ipsilesional, 1 cm anterior to
the cranial vertex

C-Supraorbital contralesional
10/20 EEG system and anatomical

limits.

A-Mllegipsilesional
C-Supraorbital contralesional
Hotspot detected with TMS MEP

A-SMA 3.5 cm anterior to Cz.
C-over the inion

10120 EEG system

Adleg area of the ipsilesional cortex,
lateral to Cz.

C- Supraorbital contralesional
10/20 EEG system

A-ML ipsilesional, over the leg area
C-Supraorbital contralesional
Hotspot localized with TMS MEP

and magnetic resonance

A-Over Cz area of the left parietal
lobe

C-Right supraorbital area

10/20 EEG system

A-M ipsilesional
C- Supraorbital contralesional
10/20 EEG system

Group A:

A- Buccinator contralesional
C-Cerebellum contralesional
Group B:

A-Ml ipsilesional
C-Supraorbital contralesional
10120 EEG system

Group A:

A- Buccinator contralesional
C- contralesional cerebellum
Group B:

A-Buccinator ipsilesional
Cipsilesional cerebellum

10/20 EEG system

A-M ipsilesional
C-M1 contralesional
10/20 EEG system

A-Ml ipsilesional
C-M contralesional

10/20 EEG system

Aleg area ipsilesional, lateral to the
Cz position

C-Supraorbital contralesional
10/20 EEG system

A-Ml ipsilesional
C-MI contralesional

10/20 EEG system

Aclpsilesional leg motor area
C-Supraorbital contralesional
10/20 EEG system

Group A:
A-M ipsilesional

C-Supraorbital contralesional
Group B:

A-Ml ipsilesional

C-Mi contralesional

Hotspot localized with TMS MEP

and anatomical limits

rain derived neurotrophic factor; BI, Barthel index; C,

MA, fulg M

; TV

sment; FMA-

S, transcranial magnetic stimulation; TRT, task related trai

tDCS protocol (intensity
& periodicity, controls
and associated
interventions)

2mA, 5 x 7 saline-soaked sponge
0.05mA/cm? 10 sessions, duration
of each not reported 5 days a week
x 2 weeks Intervention group:
A-DCS, C-tDCS, Bilateral tDCS +
conventional physical therapy
Control group(s): Sham tDCS +
conventional physical therapy
Concurrent rehabilitation 3h a
week x 2 weeks during

DCS treatment

2mA, 5% 7
sponge 0.06mA/cm? 2 sessions (1
sham), 30 min each 1a week x 2
weeks (7 days wash out)
Intervention group: A-tDCS in rest
Control group(s): Sham tDCS.

in rest No concurrent
rehabilitation program nor online
rehabilitation during tDCS

2mA, 3o 6.cm diameter
saline-soaked sponge A 0.28
mA/em? and C 0.07mA/em? 10
sessions, 10 min each 5a week x

2 weeks Intervention group:
A-DCS + conventional intensive
physical therapy Control group(s):
Sham tDCS + conventional
intensive physical therapy
Concurrent rehabilitation program
2.5h daily, 6 days a week x 2 weeks
+ online rehabilitation during each

DCS session

2mA,5 x 5and 5 x 7

saline-soaked sponge A
0.08mA/em® C 0.05mA/em? 12
sessions, 20 min each 3a week x
4 weeks Intervention group:
A-DCS + lokomat Control
group(s): Sham tDCS + lokomat

Concurrent rehabi

tion
program, 3 ha week x 4 weeks,
and rehabilitation following each
DCS session

1.5mA, 5 x 7 saline-soaked
sponge 0.04mA/cm? 10 sessions,
10 min each 5a week x 2 weeks
Intervention group: C-tDCS +
intense conventional

physical therapy Control group(s):
sham tDCS + intense conventional
physical therapy Concurrent
rehabilitation program, 1.5h daily,
5 days a week x 2 weeks following
DCS sessions

1.5mA, 7 x 5 saline-soaked
sponge, 0.04mA/cm? 10 sessions,7
min each 5a week x 2 weeks
Intervention group: tDCS +
RAGT, overground walking
Control group(s): sham tDCS

+ RAGT Concurrent rehabilitation
program, 50 min daily, 5 days a
week x 2 weeks + online
rehabilitation during each

DCS session

2mA, lem diameter, A
0.63mA/cm? € 0.15mA/cm? 1
session, 20 min each 1 day
Intervention group: A-tDCS,
C-DCS + ergometer pedaling
Control group(s): Sham tDCS +

ergometer pedaling No Concurrent

rehabilitation program but online
rehabilitation during each

DCS session

2mA, 7 x 5 saline-soaked

sponge 0.05mA/cm? 2 sessions (1
sham), 20 min each 1 week x 2
weeks (7 days wash out)

teral TDCS

Intervention grou
+ conventional physical therapy
Control group(s): Sham tDCS +

conven

nal physical therapy No

concurrent rehabi
but 1 h of rehabi

ation program,

tion following
each tDCS session

2mA, 7 x 5 saline-soaked

sponge 0.05mA/cm? 20 sessions,
20 min each 5 days a week x

4 weeks Intervention group: A-leg
tDCS, A-hand tDCS + daily RAGT
and a complete rehabilitation
intense program Control group(s):
daily RAGT and a complete
rehabilitation intense program
Concurrent rehabilitation
program,5h daily, 5 days a week x
4 weeks + online rehabilitation
during each tDCS session

2mA, 5 x 5 saline-soaked

sponge 0.08mA/cm? 2 sessions (1
sham), 20 min each 1 day every 2
weeks (14 days wash out)
Intervention group: A-tDCS +
center of gravity shift training ina
force platform Control group(s):
Sham tDCS + center of gravity
shift training in a force platform
No concurrent rehabilitation
program, but online rehabilitation
during each tDCS session

ImA,5 x 25and4.5 x 5.5
saline-soaked sponge, A 0.08
mA/em? C0.04 mA/em? 12
sessions, 15 min each 3a week x

4 weeks Intervention group: tDCS
+ AMT + HISTT, AMT + HIST,
DCS + HIST Control group(s):
sham tDCS + HISTT Concurrent
rehabilitation program, 3h a week
X 4 weeks, prior to rehabilitation
1mA, 5 x 5 saline-soaked

sponge 0.04mA/cm? 10 (5 sham)
sessions, 20 min each 5a week x 2.
weeks (3 days wash out)
Intervention group: A-tDCS +
body weight-supported treadmill
gt training Control group(s):
Sham tDCS + body
weight-supported treadmill

gait training Concurrent
rehabilitation program, 1h daily, 5
daysa week x 2 weeks + online
rehabilitation during each

DCS session

2mA, 5 x 5 saline-soaked

sponge 0.05mA/cm? 7 sessions, 20
‘min each Daily for a week
Intervention group: A-tDCS +
conventional rehabilitative
intervention, A-tDCS + Functional
electrical stimulation of the
peroneal nerve and conventional

rehabil

ive intervention Control
group(s): Functional electrical
stimulation of the peroneal nerve
and conventional

rehabilitative intervention
Concurrent rehabilitation
program, 1h for 7 consecutive days
+ online rehabilitation during each
DCS session

2mA, 5 x 5 saline-soaked

sponge 0.08mA/cm? 2 sessions (1
sham), 20 min each 1 day a week x
2 weeks (11 days wash out)
Intervention group: A-tDCS in rest
Control group(s): Sham tDCS

in rest No concurrent

rehabil

rehabilit:

ion program nor online
ion during tDCS sessions
2mA, sponge size not reported 12
sessions, 15 min each 3 days a week
x 4 weeks Intervention group:
A-DCS + TRT, TRT alone Control
group(s): Sham tDCS + TRT
Concurrent rehabilitation
program, 30 min. daily, 3 days a
week x 4 weeks + online
rehabilitation during each

DCS session.

2mA, 7 x 5 saline-soaked

sponge 0.05mA/cm? 10 sessions,
20 min each 5 days a week x

2 weeks Intervention group:
A-DCS + tsDCS +RAGT, ADCS
+ sham sDCS + RAGT Control
group(s): Sham tDCS + tsDCS.

+ RAGT Concurrent rehabilitation
program, 1h daily 5 days a week x
2 weeks + online.

2mA, 4em diameter

saline-soaked sponge 0.15 mA/cm?
10 sessions, 20 min each
rehabilita

n during each
DCS session 5 days a week x
2 weeks Intervention group:
<teDCS + tsDCS + RAGT
Control group(s): A-tDCS +
tsDCS +RAGT Concurrent
rehabilita

n program, 1 h daily, 5
days aweek x 2 weeks + online
rehabilitation during each

DCS session

2mA, 4 cm diameter

saline-soaked sponge 0.15 mA/cm?

10 sessions, 20

cach 5 daysa

week x 2 weeks Intervention

group: c-teDCS ipsilesional +
1sDCS + RAGT Control
group(s):c-teDCS contralesional +

tsDCS + RAGT Concurrent

rehabilitation program, 1 h daily, 5
days aweek x 2 weeks + online

rehabilit

n during each
DCS session

2mA, 7 x 5 saline-soaked

sponge 0.05mA/em?” 12 sessions, 20
min each 3 days a week x 4 weeks
Intervention group A-tDCS +
Home-based exercise program
Control group(s): Sham tDCS +

Home-based exercise program

Concurrent rehabilitation
program, 1h daily 3 days a week x

4weeks. tDCS sessions performed

prior to rehabilitation
L5mA, 7 x 5 saline-soaked

sponge 0.04mA/cm? 32 sessions
(16 sham), 20 min each 4 days a

week x 4 weeks Intervention

group: A-tDCS + multidisciplinary
intense physical and

occupational therapy Control
group(s): Sham tDCS +
‘multidisciplinary intense physical
and occupational therapy
Concurrent rehabilitation
program, 1h daily, 4 days a week x
4weeks. tDCS sessions performed
prior to rehabilitation

2mA, 7 x 5 saline-soaked

sponge 0.05mA/cm? 10 sessions,
20 min each 5 days a week x

2 weeks Intervention group:
A-DCS + RAGT Control
group(s): Sham TDCS + RAGT

Concurrent rehabilitation
program, 1h daily, 5 days a week x
2 weeks. tDCS sessions performed
prior to rehabilitation

2mA, 5 x 5 saline-soaked

sponge 0.08mA/cm? Isession,

15 min 1 day Intervention group:
bifocal tDCS in resting state
Control group(s): sham tDCS in
resting state No concurrent

rehabilitation program nor online

rehabilitation during tDCS sessions
2mA, 3 x 3and5 x 5
saline-soaked sponge A
0.22mA/cm? C0.08mA/cm? 2
sessions (1sham), 10 min each 2
days aweek (48 h wash-out)
Intervention group: A-tDCS in rest
Control group(s): sham tDCS

in rest No concurrent
rehabilitation program nor online
rehabilitation during tDCS sessions
2mA, 5 x 7 saline-soaked sponge
0.05mA/em? 3 sessions, 10

min each 1 day a week x 3 weeks
(7 days wash out) Intervention
group: A-DCS, bifocal tDCS

in rest Control group(s): sham
DCS in rest No concurrent
rehabilitation program nor online

rehabilitation during tDCS sessions
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