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Abstract

Study design Systematic review and meta-analysis.

Objectives We aimed to investigate the effects of anodal transcranial direct current stimulation (tDCS) against sham on

muscle strength and motor functionality after incomplete spinal cord injury (iSCI).

Setting University of São Paulo, Brazil.

Methods A preplanned protocol was registered (PROSPERO, CRD42016050444). Pubmed, Embase, Web of Science,

Cochrane Central Library and BVS databases were searched independently by two authors up to March 2018. Cochrane

Collaboration’s Tool was used for the risk of bias assessments. Generic inverse variance and random-effects model were

used to calculate pooled effect sizes (ES), 95% confidence intervals (CIs) and p-values in meta-analyses.

Results Six randomized clinical trials met inclusion criteria (n= 78 iSCI individuals) and were included in the meta-

analysis. Results showed a marginal significant pooled effect of active tDCS in improving motor functionality with a small

ES (SMD= 0.26, 95% CI=−0.00 to 0.53, p= 0.05, I2= 0%). On the other hand, the pooled effect of active tDCS

on muscle strength did not reach statistical significance, in parallel with a small ES (SMD= 0.35, 95% CI=−0.21 to 0.92,

p= 0.22, I2= 0%) when compared with sham tDCS. No significant adverse events were reported.

Conclusions Overall, there was a significant effect of tDCS in improving motor functionality following iSCI. However, a

small ES and the marginal p-value suggest that these results should be interpreted with caution. Further high-quality clinical

trials are needed to support or refute the use of tDCS in daily clinical practice.

Introduction

Incomplete spinal cord injury (iSCI) causes muscle

paralysis of the upper and/or lower limbs [1], which is

associated with decreased physical function and impaired

ability to perform daily living activities such as locomotion

and overall motor performance [2]. Previous studies have
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demonstrated the critical role of neuroplasticity of residual

corticospinal tract fibers, motor cortices and spinal neurons

in regaining motor function [3]. However, spontaneous

recovery after SCI is variable and limited [3], and hence

additional stimuli to induce neuroplasticity are likely nee-

ded to enhance the effectiveness of motor rehabilitation.

Therefore, careful consideration of appropriate rehabilita-

tion techniques designed to promote neuroplasticity is cru-

cial in determining motor recovery [4, 5].

Stimulating the recruitment of motor descending path-

ways [6] might reinforce neuroplastic mechanisms and

hence the efficacy of information transmission by residual

neurons [3]. In this vein, anodal transcranial direct current

stimulation (tDCS) represents a promising technology that

might be able to promote plasticity [7, 8] by directly hypo-

polarizing (by the application of low-level electrical cur-

rents; e.g. 1–2 mA) axonal membrane potentials thereby

increasing cortical excitability [9]. Short-term effects of

tDCS have been associated with changes in spontaneous

neuronal firing rates, whereas long-term effects seem to be

due to synaptic strengthening [9, 10].

During the last decades, a growing number of studies

have been performed to explore the effects of tDCS in

individuals with motor function impairments [7, 11].

However, despite some studies have shown neuroplastic

mechanisms that led to enhanced excitability of cortico-

motor systems associated with improvements on motor

performance [8, 11], the effects of tDCS on motor func-

tion have been found highly unpredictable and unreliable

[12], and a putative translation between the physiological

effects of tDCS (such as increased cortical excitability) to

functional improvements in neurological conditions is yet

to be determined [13].

In individuals with SCI, corticospinal pathways become

less excitable and cortical maps are disorganized (often

favoring the recruitment of stronger muscles), which

impairs the ability to control weaker muscles [11, 14]. Thus,

one may hypothesize that plasticity processes associated

with enhanced excitability of motor cortices and corti-

cospinal pathways by the use of therapies with tDCS might

contribute to the augmented motor output of residual weak

muscles, thereby leading to improved motor function in

patients with SCI [8, 12].

There has been an increasing interest in investigating the

potential of tDCS in improving motor function after SCI

[7, 11, 13]. Despite some studies have shown positive

effects of tDCS on motor function after SCI [7, 14], others

have failed to provide evidence of significant effects

[13, 15]. Therefore, complementary data from meta-

analyses are needed in order to support the use of tDCS

in clinical practice [16]. To the best of our knowledge,

although a recent systematic review by Gunduz, Rothwell,

and Kumru [17] has nicely summarized the literature on the

changes induced by tDCS on functional recovery following

SCI, to date there has been no methodological quality

evaluation of the current studies, neither a detailed

descriptive report nor any quantitative meta-analysis of the

tDCS effects on motor recovery after SCI.

The present study is aimed at filling the knowledge gap

and providing an updated review of the evidence regarding

the effects of tDCS on motor function after SCI. Therefore,

we conducted a systematic review with meta-analyses of

clinical trials, which included effect sizes (ES) quantifica-

tion (in a comparison between active tDCS and sham) to

investigate the effects of tDCS on two different domains of

motor function: muscle strength and motor functionality.

Methods

A preplanned protocol was registered in the International

Prospective Register of Systematic Reviews (PROSPERO,

CRD42016050444) in accordance with the recommenda-

tions of the Cochrane Handbook for Systematic Reviews of

Interventions [16]. Furthermore, our review is described

based on the Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA) guidelines [18].

Search strategy

An extensive literature search in Pubmed, Embase, Web of

Science, Cochrane Central Library and Virtual Library of

Health (BVS, in Portuguese) databases was performed up to

March 2018 in order to identify potentially relevant studies.

An initial search in Medical Subject Headings (MESH)

database was performed to find indexed terms and key-

words for the appropriate composition of the search strat-

egy. Thus, the following search terms were combined with

Boolean operators to form the Population Intervention

Comparison Outcome (PICO) model [18]: “transcranial

direct current stimulation”, “tDCS”, “anodal stimulation

transcranial direct current stimulation”, “anodal stimulation

tDCS”, “spinal cord injury”, “motor function”, “motor

activity”, “motor skill”, “spasticity”, and “muscle hyperto-

nia”. When appropriate, database filters were used to refine

the search strategy. The full search strategy is summarized

in Supplementary Material 1. To complete our search

strategy, reference lists of all included studies were hand-

searched and cross-checked to identify additional relevant

studies.

Eligibility criteria

Inclusion criteria were based on the PICO model as

following: incomplete SCI in acute, sub-acute or chronic

stage and traumatic or non-traumatic cause of injury in
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individuals with 18 years or older (population), studies

evaluating the effect of tDCS to improve aspects of muscle

strength and/or motor functionality [19] of the upper and/

or lower limbs (intervention); with sham tDCS as a

comparator, and studies which the primary outcome mea-

surements assessed motor function after tDCS for either

short-term or long-term effects (i.e., immediate effects or in

an early period after tDCS as well as effects measured after

a prolonged period from the stimulation) (outcomes).

We included original peer-reviewed studies; quantitative

clinical studies (i.e., randomized controlled trials, non-

randomized controlled trials, and quasi-experimental

studies) in the English language. Studies were excluded if

they were review studies, meeting abstracts, book chapters,

case reports, duplicate studies, enrolling participants

receiving other types of neuromodulation or including a

sample with mixed neurologic conditions.

Study selection procedure

To increase the confidence of the selection process, two

independent reviewers (AVLA and TM) screened each

collected study by title and abstract according to the elig-

ibility criteria. Then all duplicates were removed by using

the Mendeley reference management software. The full-text

of all relevant studies was subsequently retrieved and fur-

ther examined carefully. The reviewers attempted consensus

to establish which studies fulfilled the eligibility criteria.

Any disagreements were resolved by discussion with a third

independent reviewer (CBMM).

Data extraction

Two independent reviewers (AVLA and TM) filled out a

preplanned and standardized spreadsheet designed in Excel

in order to extract and group qualitative and quantitative

data. Relevant data were extracted regarding (1) study

designs and methods, (2) sample characteristics, (3) out-

come measurements of muscle strength and/or motor

functionality, (4) tDCS setting, (5) adverse effects, and (6)

mean and standard deviation of the primary outcomes of

motor function for the active and sham groups. Data

extraction results were checked for accuracy and diver-

gences were resolved by consensus.

Methodological quality assessment

For a detailed methodological quality assessment, two

reviewers (AVLA and TM) independently rated the

evidence-based on Cochrane Collaboration’s tool for

assessing the Risk of Bias [20]. This assessment tool allows

a critical evaluation by six domains, as follows: selection

bias, performance bias, detection bias, attrition bias,

reporting bias, and other bias [20]. Each domain is classified

as a high, low or unclear risk of bias [20]. Results of the

reviewers’ assessments were compared and disagreements

were resolved by consensus.

Meta-analyses

Meta-analyses were performed using RevMan (v5.3.5)

[19]. When clinically and statistically appropriate, we

combined the results of outcome measures of upper/lower

limb motor function to compare the short-term effects of

tDCS vs. sham. Data were divided into two meta-analyses

to identify possible tDCS effects on muscle strength and

motor functionality.

The primary outcome measurements of muscle strength

and/or motor functionality of each study were extracted (see

Table 1). When multiple outcome measurements were

reported without indication of a primary outcome, a repre-

sentative measurement was chosen based on its validity and

reliability (i.e., a gold standard measurement in the area of

SCI research) according to the study of Alexander et al.

[21]. Outcome measurements chosen by these criteria are

summarized in Table 1. We preplanned to exclude studies

with impaired methodological quality on Cochrane Colla-

boration’s tool (i.e., more than two domains scored as high

risk or unclear [20]) of the meta-analyses due to the

potential interference of bias in their results.

The results reported in absolute values of mean and

standard deviation (SD), for both experimental and sham

groups, were extracted from the original studies and inclu-

ded in our analyses. Studies using tDCS with different

intensities (1 mA and 2 mA) were included in the meta-

analysis only once after group combination using the stan-

dard calculation recommended by Cochrane Collaboration

[16]. When the mean and SD for a given outcome measure

were not reported by the authors or accessible from the

tables of the original papers, figures or statistical method, an

e-mail was sent to the corresponding author asking for such

information. Supplementary Material 2 depicts the mean

(SD) data of each study.

Then, the standard mean difference (SMD) and standard

error (SE) were calculated. Data from crossover studies

were considered taking into account the two-periods of the

study in order to warrant a correct analysis of crossover

studies and avoid biased results [16]. Based on Cochrane

Collaboration [16] and Elbourne et al. [22] recommenda-

tions, the SMD was estimated by dividing the mean

difference by the pooled intervention-specific standard

deviations and the SE by the following mathematical for-

mula SE SMDð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N
þ SMD2

2N

q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 1� corrð Þ
p

, where N is

the sample size and Corr is the coefficient correlation.

Similarly, for parallel designs, the calculation was based on
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the method proposed by Borensteins [23]. SMD and stan-

dard errors were imported into RevMan for the calculation

of pooled Effect Size (ES), 95% confidence interval (CI),

P-value, Z-value, Tau², and heterogeneity (I2) using a gen-

eric inverse variance and the random-effects model.

ES measurements were combined across studies to

obtain a summary statistic. An ES of 0.2, 0.5 and 0.8 was

considered clinically small, moderate or large, respectively

[23]. For heterogeneity, the interpretation of I2 was based on

Higgins et al. [16] as follows: 0–40% might not be

important, 30–60% represents moderate heterogeneity,

50–90% indicates substantial heterogeneity, and 75–100%

reflects a considerable heterogeneity. Our interpretation was

based on several factors, such as magnitude and direction of

effects, and the strength of evidence for heterogeneity.

When necessary, subgroup analyses were performed to

evaluate the influence of any characteristics of the studies in

the meta-analysis.

Finally, publication bias was assessed by graphical ana-

lysis of the funnel plot. Tests for asymmetry in funnel plots

were not used because our meta-analysis included less than

ten studies (n= 6). This decision was made to avoid erro-

neous interpretation, as the power of the test is too low to

distinguish between conditions of chance and actual

asymmetry when less than ten studies are considered [16].

Results

A PRISMA flowchart of the search strategy, study selection

and exclusions by stage of the systematic review is shown

in Fig. 1. Database search identified 512 studies. The hand

search screening in the reference list identified 350 studies,

which were assessed by title and abstract and checked for

duplicates. After duplicates removal, 627 potentially rele-

vant studies were screened by title and abstract. No study

Table 1 Study design, methodological aspects and motor function outcomes measures (muscle strength and functionality) used in the tDCS

studies.

Studies Study design Active

therapy

Control

therapy

Washout period Follow-up Muscle

strength

outcomes

measures

Functionality

outcomes measures

Primary

outcomes

measures

(meta-analysis)

Cortes

et al. 2017

Crossover

Randomized

Single-blind

Sham-controlled

tDCS Sham tDCS 2 days – – Hand robotic

evaluation, Box

and Blocks Test,

Quadriplegia Index

of Function-

Short Form

Box and

Blocks Testa

Potter-Baker

et al. 2017

Parallel

Randomized

Double-blind

Sham-controlled

tDCS+

massed

practice

Sham tDCS+

massed

practice

– 3 mo Manual

muscle test

Action research

arm test; Nine hole

peg test

Nine-hole peg

testb

Kumru

et al. 2016

Parallel

Randomized

Double-blind

Sham-controlled

tDCS+

gait

training

Sham tDCS+

gait training

– 2 mo Manual

muscle test

Ten-meter Walking

Test, Walking

Index for SCI II

Ten-meter

Walking Testa

and Manual

muscle testa

Raithatha

et al. 2016

Parallel

Randomized

Double-blind

Sham-controlled

tDCS+

gait

training

Sham tDCS+

gait training

– 1 mo Manual

Muscle Test

Ten-meter Walking

Test, Six minutes

Walking Test,

Timed Up And Go

Ten-meter

Walking Testb

and Manual

muscle testa

Yamaguchi

et al. 2016

Crossover

Randomized

Single-blind

Sham-controlled

tDCS+

PES

Sham tDCS+

PES

3 days 20 min – Number of ankle

movements

Number of

ankle

movementsa

Yozbatiran

et al. 2016

Parallel

Randomized

Double-blind

Sham-controlled

tDCS+

arm robot

training

Sham tDCS+

arm robot

training

– 2 mo Motor

activity log

Jebsen-Taylor

Hand

Function Test

Jebsen-Taylor

Hand Function

Testa and

Motor activity

loga

tDCS transcranial direct current stimulation, mo months, min minutes, PES peripheral electrical stimulation, SCI spinal cord injury, — indicate

information non-applicable.
aThe primary motor outcomes.
bThe gold standard outcomes measures based on Alexander et al.
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from the reference lists adequately met the inclusion

criteria. Subsequently, the full-texts of the remaining

19 studies were assessed. Six studies met our inclusion

criteria and were described in qualitative analysis (Fig. 1).

A total of 78 participants were pooled in the meta-analyses.

Details about methodological aspects of each included

study are provided in Table 1 and summarized below.

Overview of studies

Included studies were published between 2016 and 2017.

Supplementary Material 3 presents the reference list of

the included studies. All studies were controlled and used

either a randomized design with parallel (67%, n= 4) or

crossover groups. All studies were blinded to the parti-

cipants, researchers or both (i.e., double-blinded, 67%,

n= 4) (Table 1). Crossover studies used a washout period

up to three days. Most of the studies (83%, n= 5) eval-

uated the effects of the tDCS with follow-up assessments

ranging between 20 min and three months. However, no

study presented long-term follow-up assessments (i.e.,

assessments in a prolonged period after the intervention,

such as ≥1 year [24]) and, therefore, no long-term effect

was evaluated in the included studies. Five studies (83%)

used tDCS combined with therapies to improve motor

function of upper or lower limbs (Table 1). Four studies

(67%) used both muscle strength and motor functionality

outcome measures [7, 25, 26] to collect results immedi-

ately after tDCS and during follow-up assessments

(Table 1).

tDCS protocol characteristics

Detailed setting characteristics of tDCS protocols and the

number/frequency of sessions of stimulation are presented

in Table 2. Three studies positioned the anodal electrode on

the leg motor area (50%) and three studies applied tDCS on

the hand motor area in accordance with the 10–20 EEG

system. Cathodal electrode was placed on supraorbital area

in all studies. Furthermore, tDCS intensities at 2 mA (67%,

n= 4) or 1 mA (17%, n= 1) were applied between 20 to

30 min (Table 2) per session of active stimulation. In

addition, one study applied tDCS at 2 mA and 1 mA in the

same design (17%) (Table 2). Sham stimulation mode was

applied using a setting that had 30 s of ramp up, then current

flow interruption and ramp down at the end of stimulation in

four studies (67%).

Participant characteristics

Table 3 presents detailed information about the demo-

graphic and clinical characteristics of the participants. The

sample of each study ranged from 8 to 24 participants. The

pooled sample of all the included studies was 78 SCI par-

ticipants, which were predominantly males (78%) with a

mean (SD) of 50 (3) years. Most of the studies (83%, n= 5)

enrolled chronic stage iSCI participants with a mean (SD)

post-injury time of 63 (32) months (i.e., 5.3 (2.7) years). No

study had participants with complete SCI. Incomplete SCI

at C level of impairment in American Spinal Injury Asso-

ciation Scale was present in 53%, level D in 36% and level

Fig. 1 Preferred Reporting Items

for Systematic Reviews and

Meta-Analysis (PRISMA) flow

diagram summarizing the

identification, screening of

studies and inclusions/

exclusions by stage of the

systematic review.
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B in 10% of the participants. The most frequent injury level

was cervical (77% of the sample), whereas thoracic (21%)

and lumbar (2%) levels were observed in a minor part of the

participants. Traumatic injury was the cause of iSCI in 80%

of the cases.

Adverse effects

No serious adverse effects were reported. Serious adverse

effects are defined as any untoward occurrence that results

in death, life risk, hospitalization/prolongation of hospita-

lization or persistent disability [25]. Thus, participants

appeared to had well-tolerated tDCS sessions. Only a low

incidence of adverse effects was reported, such as tingling,

skin redness, sleepiness, trouble concentrating, headache or

neck pain, which were observed also in the sham group.

Two studies (33%) did not report whether adverse events

occurred.

Methodological quality assessment—risk of bias

Figure 2 presents the review authors’ judgments about each

risk of bias domain and percentages of risks across all

included studies. Overall, the results of the risk of bias

analysis showed that all studies had a low risk for selection

(random sequence generation topic) and attrition (incom-

plete outcome data topic) bias. Therefore, the internal

validity of these studies can be considered good regarding

these biases. Four studies had a low risk for performance

bias (blinding of participants and personnel topic). Four

studies (67%) had none of the seven domains analyzed rated

as high risk of bias.

In addition, four studies (67%) reported incomplete

blinding of participants, personnel and/or outcome assess-

ment personnel. Therefore, a high risk of performance and

detection bias was considered in these studies.

All studies showed an unclear risk of bias in one or more

domains due to the lack of detailed information about

methodological aspects. For instance, allocation conceal-

ment information was not provided in all studies. Similarly,

information about blinding of outcome assessment was

absent in three studies (50%). Information about registra-

tion of preplanned protocols, which could help judgments

on selective reporting, were rarely available (n= 1).

Thus, a high rate of unclear risk of bias was related to an

unclear description of studies characteristics or lack of

information [27].

Meta-analyses of muscle strength and motor
functionality outcomes in iSCI participants

Data of SMD (SE) were included in the meta-analyses

considering the primary outcome measurement of eachT
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study as previously described in the Methods section. For

detailed post mean (sd) data from studies see Supplemen-

tary Material 2. Four studies (67%) examined the effect of

tDCS on muscle strength and on motor functionality. Thus,

the results of these four clinical trials were pooled in two

different meta-analyses (Fig. 3a, b).

Meta-analysis of muscle strength (n= 53 iSCI partici-

pants) outcomes indicated an overall small to moderate ES

(4 studies, pooled SMD= 0.35, 95% CI=−0.21 to 0.92,

p= 0.22, I2= 0%) and a non-statistically significant dif-

ference between active tDCS and sham group (Fig. 3). In

the overall, these results indicate that the application of

tDCS was not effective in improving muscle strength, but is

suggestive of, at best, a small to moderate beneficial effect

of tDCS following iSCI. Caution is needed when inter-

preting this finding since few studies have been included

in the meta-analysis on muscle strength in individuals

with iSCI. Additionally, the small sample size in the

primary studies might have affected the power of the meta-

analysis [28].

On the other hand, the pooled analysis of the motor

functionality outcomes (n= 51 iSCI participants) showed a

marginal statistically significant difference favorable to

active tDCS, in parallel with a small ES (5 studies, pooled

SMS= 0.26, 95% CI=−00.00 to 0.53, p= 0.05, I2= 0),

with CI crossing zero (Fig. 3). Despite being at the

threshold value of statistical significance, these results may

indicate no significant effect of tDCS on motor function-

ality, which suggests that further high-quality clinical stu-

dies are needed to unravel whether tDCS might be effective

in improving motor functionality in tDCS. There was no

inconsistency in the magnitude of these effects on motor

functionality analysis (I2= 0%, Tau2= 0.00).

We performed subgroup analyses considering the cor-

tical area stimulated by tDCS (i.e., hand or leg motor area),

intensity of stimulation and type of intervention. No quan-

titative interaction was observed among these subgroups.

More specifically, the effects of tDCS do not appear to be

differentially modulated depending on the cortical area (i.e.,

hand motor area vs leg motor area), tDCS intensity (1 mA

vs.2 mA) or type of intervention (i.e., tDCS paired with

therapy or only tDCS).

Publication bias

Publication bias was examined using a graphical analysis of

a funnel plot based on the six studies included in the meta-

analysis (Fig. 3). The funnel plot for tDCS studies vs. sham

revealed an asymmetrical shape. Therefore, these results

suggest possible reporting bias, low methodological quality

of some studies or the absence of studies.

Discussion

To the best of our knowledge, this systematic review and

meta-analysis is the first study to provide a detailed

descriptive and updated summary, together with a quanti-

tative meta-analysis of clinical trials, on the effectiveness of

tDCS in improving muscle strength and motor functionality

after SCI. The current evidence, quantified on the basis of

six studies, indicates a marginal statistically significant

effect of tDCS on motor functionality, but no statistically

significant effect on muscle strength in participants after

iSCI. Our pooled analysis based on motor functionality and

muscle strength outcome measurements had no hetero-

geneity, suggesting homogeneity of participants, interven-

tions or results in the included studies [16].

The pooled ES of tDCS on motor functionality was small

and statistically significant with CI crossing zero, whereas

muscle strength was associated with a small ES, without

statistical significance. Conceptually, the ES observed in

our meta-analyses reflects the difference that would be

found between the average of individuals receiving tDCS

Table 3 Demographical and clinical characteristics of the participants with SCI.

Study Sample size Mean age (y) Sex Injury level AIS Injury Cause Mean post-injury time (mo) SCI stage

M F C T L A B C D T NT

Cortes et al. 2017 11 44.9 8 3 11 0 0 0 5 5 1 11 0 98.2 Chronic

Potter-Baker et al. 2017 8a 53.5 8 0 8 0 0 0 2 0 6 8 0 67.2 Chronic

Kumru et al. 2016 24 51.2 16 8 15 9 0 0 0 20 4 13 11 4.1 Acute

Raithatha et al. 2016 15 47.5 10 5 9 4 2 0 1 11 3 15 0 93 Chronic

Yamaguchi et al. 2016 11 51.8 11 0 8 3 0 0 0 2 9 8 3 52.9 Chronic

Yozbatiran et al. 2016 9a 52.7 7 1 8 0 0 0 0 3 5 – – 82.8 Chronic

Total 78 – 60 17 59 16 2 0 8 41 28 55 14 – –

Note: – indicate information not available.
astudies with a dropout of participants, F female; M male; C Cervical, T thoracic, L lumbar; A/B/C/D impairment level in American Spinal Injury

Association Scale; T traumatic; NT non-traumatic, mo months.
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and the average of those in the sham group, expressed in SD

units [15, 29]. The ES observed suggests, at best, a small to

moderate beneficial effect of tDCS following iSCI. As most

of the participants in our analyses were at the chronic stage

of iSCI, which has been associated with low improvement

rates of physical function [4, 5, 30], even interventions

associated with small ES may be considered as an important

functional benefit for people at the chronic stage of

iSCI [30].

Despite the differences in the ES magnitude, marginal

statistically significant changes on motor functionality and

non-statistically significant changes on muscle strength

are somewhat surprising, as previous studies have asso-

ciated increased muscle strength with an increased like-

lihood of motor functionality recovery [29]. The results

found in the muscle strength analysis may have been

affected by the small number of participants in the pri-

mary studies, which is associated with low statistical

power and hence a high probability of type II error [28].

In addition, the small number of studies included in our

polled analysis might have reduced the power of the meta-

analyses.

Our results are restricted to the short-term effects of

tDCS, as the included studies did not perform long-term

follow-up assessments (i.e., assessments in a prolonged

period, such as >1 year [21]). We emphasize that long-term

follow-up assessments are important to any SCI trial, so as

to address whether the changes observed after a given

intervention might be sustained and hence considered

clinically relevant [21]. Future original studies should be

performed considering this aspect.

Although previous studies suggest a positive effect of

tDCS on motor function in general [9–11], our study cor-

roborates the findings of the studies only with regard to

improved motor functionality. Previous studies suggested

that tDCS could provide positive motor changes in indivi-

duals with neurological impairments, including iSCI

[8, 10, 11, 15, 26], based on the capacity to ‘shift’ activity

not only in cortical areas but also in distant areas [10], by

mechanisms such as increased corticospinal excitability

Fig. 2 Cochrane risk of bias

assessment of the included

studies. a Risk of bias graph.

b Risk of bias summary.
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[9, 31]. From a translational perspective to clinical practice,

the findings of the present review can only reinforce these

assumptions in terms of improved motor functionality (even

though associated with a marginal statistically significant

effect and a small ES).

Previous meta-analyses reported small to moderate

effects of tDCS on motor function of individuals after stroke

[32–35] (i.e., both in terms of muscle strength and motor

functionality), which might share recovery mechanisms

similar to individuals after iSCI, as both conditions lead to

altered and inappropriate motor output due to impairments

in the central nervous system [15]. In this line, the present

findings are consistent with the aforementioned meta-ana-

lyses, even without statistically significant effects on muscle

strength.

Overall, our results are important for the emerging field

of tDCS on motor recovery after iSCI and support previous

evidence suggesting that this technique could represent a

useful tool to help in the reduction of motor functionality

impairments associated with iSCI [9–11, 32–35]. Our

results are reinforced by the fact that most of the partici-

pants in our analyses were at the chronic stage of iSCI.

Thus, most people living with chronic iSCI can benefit even

from interventions with small ES [30] as an adjuvant to

traditional rehabilitation techniques in order to improve

motor rehabilitation. Additionally, the present systematic

review provides important information for future studies

designed to address aspects of motor rehabilitation using

tDCS as a rehabilitation tool for individuals after iSCI.

Most of the studies included in our analyses used tDCS

at the intensity of 2 mA on hand or leg motor area, which

might be associated with the results from previous research

in iSCI individuals [7, 15] that associated higher current

intensities of tDCS with enhanced effects on motor

Fig. 3 Meta-analyses of the tDCS versus Sham on muscle strength

or motor functionality outcomes measures in iSCI participants

and the funnel plots of the publication bias. a Meta-analysis of

the muscle strength outcomes measures. b Meta-analysis of the

motor functionality outcome measures. Each line represents a study,

with an individual ES and confidence interval. Green square represents

the ES for each individual study, horizontal line represents 95%

confidence interval, and the black diamond represents the pooled ES

for all studies. c Funnel plots of the publication bias based on six a-

tDCS studies included in the meta-analysis. The vertical line represents

the pooled SMD. The open circles represent the SMD from each study,

and the dashed lines correspond to the 95% confidence interval around

the SMD (x-axis). SE standard error, SMD standard mean difference.
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function. However, no significant interaction was found in

the subgroup analysis performed in the present study.

Therefore, the present review cannot determine whether

intensity, cortical area stimulated by tDCS, and the type of

intervention might influence motor function recovery. In

this vein, further studies are needed in order to unravel the

putative influences of these parameters on motor function

recovery by the application of tDCS.

Additionally, all studies included in our analysis had

current densities above 0.029 mA/cm2 and most of the

studies applied tDCS for at least 20 min by active session.

However, the present review was not designed to specifi-

cally address whether current densities and duration of the

tDCS protocols might play a significant role in the effec-

tiveness of tDCS following SCI and hence no recommen-

dation can be made as to these aspects.

It is worth noting that the number of tDCS sessions,

therapy protocols and combination of stimulation and

training (i.e., a combined tDCS with other conventional

therapies) were not standardized among the studies included

in the present review. Although previous studies in stroke

individuals have shown that the repetition of consecutive

sessions can enhance the efficacy of tDCS by cumulative or

stabilizing effects [33], we could not observe whether a

greater number of sessions might be a factor that enhances

tCDS effects after iSCI, as our findings showed significant

effects of tDCS considering a variety amount of sessions.

Similarly, despite previous suggestions that tDCS effects

combined with motor training may improve the likelihood

of neurorehabilitation [35, 36], the present review was not

designed to address this issue. Therefore, those different

possibilities to use tDCS should be considered carefully and

further studies are necessary to provide trustable informa-

tion for clinical application. In addition to the above factors,

it is possible that the iSCI characteristics (e.g. lesion level,

time post-injury, impairment level and type of injury) might

influence the effectiveness of tDCS effects. So, it remains

unclear which iSCI characteristics might be associated with

a higher probability for motor recovery so that further evi-

dence is needed before any conclusion can be drawn.

Regarding the risk of bias, most of the studies showed a

low risk of bias for selection, performance, and attrition

and hence must be considered of good internal validity

and high methodological quality. However, 33% of the

included studies had a lack of blinding of the investigators

responsible for outcome assessments. Thus, problems

with performance bias and detection bias might have

introduced systematic differences in the outcome assess-

ments by the investigators [20]. This aspect is particularly

important as most of the muscle strength and motor

functionality outcome measurements in SCI are sub-

jective, and hence susceptible to the influence of the

individual’s assessments.

The most worrying aspect was the high rate of “unclear

risk” in the allocation concealment, blinding of outcome

assessment and selective reporting domains of the Cochrane

Collaboration’s tool for assessing the Risk of Bias, which

are associated with selection, detection or reporting bias,

respectively. The absence of information is a serious issue

because of the high rate of “unclear risk” of bias is related to

an unclear description of studies characteristics or lack of

information [20, 29] about methodological aspects. There-

fore, we emphasize the importance that future research

provides a clear, accurate and detailed report of methodo-

logical aspects in the publications.

In addition, the limitations of the included studies were

small sample sizes, which ranged from 8 to 24 individuals.

Sample size in clinical trials with SCI is a common issue,

which represents an important limitation associated with

SCI research [21]. Small sample sizes impact the power of

clinical studies and, consequently, limit the power of meta-

analysis as well as the interpretation of the data.

Finally, the analysis of publication bias showed an

asymmetrical shape, which may suggest the presence of

reporting bias, low methodological quality or the absence of

studies. Of these, the absence of published studies seems to

be an adequate explanation, as the effects of tDCS on iSCI

represent a relatively new topic of interest in research and

hence a relatively low number of publications are available

to date. Indeed, our detailed search found only six studies

that were published between 2016 and 2017. However, we

cannot rule out the possibility that some studies were

not published because of small sample sizes and/or null

findings.

Limitations of this review

Some limitations in the present study should be pointed out.

First, a limited number of studies met the inclusion criteria.

Only six studies were included in our meta-analysis, which

limits the power of the analyses and the interpretation of the

data. However, the small number of included studies is

related to the fact of the tDCS application in iSCI indivi-

duals is a new research field and, therefore, there are not a

lot of publications in the current literature. Consequently, it

was necessary to combine non-identical protocols to

investigate the overall effects of tDCS on muscle strength

and motor functionality after iSCI. Therefore, the present

study was unable to resolve the individuals, intervention

and training divergences completely. In addition, although

we have used a sensitive search strategy and an additional

hand-search to avoid the possibility of the potential loss of

studies, the results might have publication bias, as the grey

literature was not explored. Finally, the results of the meta-

analyses were strongly related to the variability (i.e., SD) of

the available data, so that studies reporting less variable
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outcomes had a higher contribution to the pooled effect size.

Therefore, small sample sizes, heterogeneity of iSCI sam-

ples and/or inter-individual variability in response to tDCS

may have influenced the magnitude of the ES and the power

of the meta-analyses.

Future research

There are still some questions that remain unanswered.

First, it remains unclear whether time post-injury, lesion

level and type of injury are significant variables affecting

tDCS results. The time post-injury and levels of injury

should be considered in the formation of homogeneous

samples in order to observe whether these factors are pre-

dictors of better motor responses after tDCS. Similarly, the

influence of different stimulation parameters (i.e., intensity,

density, duration and quantity of sessions) on motor

recovery should be investigated.

Moreover, due to the lack of long-term follow-up data

available in the included studies, the meta-analysis was

restricted to data of the tDCS short-term effects. Conse-

quently, additional research is required to show the tDCS

long-term effects in iSCI individuals. Lastly, we strongly

encourage further studies with the combination of two

strategies, such as tDCS paired with conventional and

standardized rehabilitation to assess the potential of stimu-

lation as adjuvant therapy in iSCI population.

Even though the findings of the meta-analyses indicate

small to moderate ES for tDCS effects on muscle strength

and small ES on motor functionality (statistically not sig-

nificant), we consider that an approach of the current results

must be explored considering larger and other adequately

powered trials. We consider that the clinical applicability of

the meta-analyses needs to be confirmed in trials with larger

and homogeneous samples as well as standardized tDCS

protocols before we can make definitive conclusions about

the clinical utility of tDCS to facilitate motor recovery in

individuals with iSCI.

Conclusion

Our findings suggest a significant effect of tDCS on motor

functionality in iSCI individuals when compared to sham

stimulation with a small ES and a CI crossing zero. On the

other hand, tDCS had no statistically significant effects on

muscle strength in this population. The ES observed in both

meta-analyses suggests, at best, a small to moderate bene-

ficial tDCS effect following iSCI. The limited number of

studies included in our meta-analysis reduces the power of

the presented evidence to support or refute the use of tDCS

to improve motor function after iSCI in daily clinical

practice. Future research can consider investigating the

tDCS effects through larger and powered clinical trials with

long-term assessments, combination of tDCS with standar-

dized rehabilitation, homogeneous samples and standar-

dized stimulation parameters. Further research is needed to

provide evidence of the effectiveness and potential ther-

apeutic effect of tDCS on iSCI motor rehabilitation. We

conclude that there is initial evidence of the efficacy of

tDCS in the reduction of motor functionality impairments of

individuals with iSCI and encourage further high-quality

research in this field.
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