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A B S T R A C T

Background: Multiple sclerosis (MS) is an immune-mediated disorder characterized by demyelination
within the central nervous system, resulting in fatigue, pain, cognitive dysfunction, and motor
impairment. Remotely supervised transcranial direct current stimulation (RS-tDCS) is a noninvasive,
low-cost, home-based intervention that modulates neuronal excitability and enhances neural network
function, potentially benefiting individuals with MS. This meta-analysis aimed to evaluate the efficacy
of RS-tDCS in MS.
Methods: A systematic search was conducted in PubMed, Web of Science, Scopus, and the Cochrane
Library for randomized controlled trials (RCTs) evaluating RS-tDCS in MS. The primary outcome was
information-processing speed. Statistical analyses were performed using R software (version 4.5.0) and
a random-effects model to calculate pooled standardized mean differences (SMDs) and mean differences
(MDs) with 95% confidence intervals (CIs). Risk of bias was assessed using the Cochrane ROB-2 tool.
Results: Five RCTs, most featuring co-interventions alongside RS-tDCS in both study arms and one
specifically targeting MS patients with cannabis use disorder, including 291 participants, were analyzed.
Active RS-tDCS did not significantly improve information-processing speed (SMD = 0.20; 95% CI:
–0.06 to 0.45; P = 0.13, n studies: 4). No significant effects were observed for secondary outcomes.
Conclusion: Evidence from five heterogeneous RCTs, predominantly featuring co-interventions, shows
no clear benefit of RS-tDCS for MS cognitive or functional outcomes (very low to low certainty). This
highlights substantial uncertainty; larger standalone trials are required.

1. Introduction
Multiple sclerosis (MS) is a chronic, immune-mediated condition
of the central nervous system that leads to demyelination and
neurodegeneration. It is the most common chronic neurological
disease among young adults, especially women, affecting nearly 3
million people worldwide and resulting in over 62,000 cases annually
[1].
MS pathophysiology is complex and not yet fully understood, with
various genetic predispositions and environmental triggers [2]. The
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main symptoms include numbness, motor dysfunction, fatigue,
pain, and cognitive changes, among others. These symptoms can
significantly affect daily life activities and differ in severity and
duration throughout the patient’s lifetime [3].
Although several treatment options are available, there is currently no
definitive cure for MS. Available medications aim to reduce relapses
and symptom effects [4]. The cornerstone of MS treatment is phar-
macological management, including disease-modifying therapies
(DMTs) such as interferon-beta, glatiramer acetate, and newer agents
like ocrelizumab and alemtuzumab [5]. Additionally, corticosteroids
are used to treat acute relapses, and various symptomatic treatments
help manage chronic symptoms [6].
However, these medications can be associated with adverse effects
like hematological disorders, serious adverse events, withdrawals
from treatment plans, high costs, and incomplete response rates,
emphasizing the need for a combination of multiple strategies [7, 8].
Neuromodulation is an emerging pillar of multiple sclerosis manage-
ment that can be combined with pharmacological prescriptions [9].
It influences nerve activity by using physical stimuli, specifically
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Figure 1: PRISMA flow diagram for search and screening processes.

transcranial direct current stimulation (tDCS) [10]. tDCS is a non-
invasive technique that uses constant, low-current electrical stimula-
tion applied by electrodes on the scalp; it modulates neuronal activity
and enhances neural network function [11]. tDCS demonstrated
promising results in reducing multiple sclerosis symptoms. Clinical
meta-analyses and randomized controlled trials (RCTs) indicate that
tDCS may improve fatigue, cognitive performance, pain, balance,
and gait ability in MS patients [12, 13].
tDCS is routinely performed in hospital settings, but recent devel-
opments have enabled remote, home-based applications in patient
care combined with other interventions such as cognitive training,
virtual reality, mindfulness meditation, and dexterity training. This
may allow a greater number of MS patients to access this specialized
care while reducing the costs and challenges associated with regular
clinic-based treatments, especially for those who live far away from
specialized centers or have limited mobility [14].
To date, no systematic review or meta-analysis has specifically
evaluated remotely supervised, home-based transcranial direct
current stimulation (tDCS) in multiple sclerosis (MS). The existing
reviews either combined a variety of tDCS administration methods
or multiple neurological or psychiatric [10, 12, 14]. Therefore, by
assessing the efficacy of adjunctive remotely supervised tDCS in MS
populations, we hope to methodically close this gap. However, avail-
able RS-tDCS RCTs feature heterogeneous patient subgroups (in-
cluding comorbidities like cannabis use disorder), co-interventions
(cognitive training, virtual reality, mindfulness meditation, and
dexterity training), and mixed objectives, challenges of indirectness
that this GRADE-assessed meta-analysis addresses through pooled
synthesis and subgroup analyses.

2. Methods

2.1. Protocol and Registration
This systematic review and meta-analysis adhered to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [15] and the Cochrane guidelines [16]. The
study protocol was prospectively registered in the International
Prospective Register of Systematic Reviews (PROSPERO) database
(ID: CRD420251178143).

2.2. Inclusion and Exclusion Criteria
Adults (≥18 years) diagnosed with MS were included. The inter-
vention involved RS-tDCS, either alone or with other interventions,
irrespective of stimulation parameters such as intensity and duration.
The remote supervision component begins with an initial in-clinic
training session that instructs participants on device operation,
headset assembly, saline preparation, and includes a tolerability
assessment. Then, a live video conference is conducted, during which
the study technician visually verifies correct headset and electrode
placement using reference images and provides a single-use unlock
code only after setup approval. The devices are preprogrammed with
automatic safety shutdowns in the event of poor contact and include
session logging to prevent unauthorized dosage modifications. The
comparator was sham tDCS. The primary outcome was information
processing speed, measured by the Symbol Digit Modalities Test
(SDMT). Secondary outcomes included functional mobility assessed
by the Timed Up & Go test, fatigue evaluated using the PROMIS
scale, and quality of life measured through the Multiple Sclerosis
Quality of Life (MSQOL) questionnaire. Only randomized controlled
trials (RCTs) were considered eligible. Exclusion criteria comprised
non-RCTs, prospective or retrospective cohort studies, case reports,
case series, conference abstracts, narrative reviews, animal studies,
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Figure 2: Risk of bias assessment of the included studies; a: risk of bias graph that represents the percentage of each bias level for five items; b: risk of bias
summary that represents the level of specific items.

Figure 3: Forest plots of SDMT.

studies on neurodegenerative diseases other than MS, and non-
English publications.

2.3. Search Strategy and Screening
A detailed search of the literature was carried out using several online
databases, including PubMed, Cochrane Library, Web of Science,
and Scopus from their inception to September 2025, using the
following search strategy: (("transcranial direct current stimulation"
OR tDCS OR "direct current stimulation" OR "neuromodulation")
AND ("remote" OR "remotely supervised" OR "home-based" OR
"at-home" OR telehealth OR telemedicine OR telerehabilitation
OR "self-administered") AND ("multiple sclerosis" OR MS)) We
removed the duplicates using EndNote software version X9 [17].
After using Rayyan software to independently screen titles and
abstracts, the reviewers screened full texts for studies that seemed
potentially eligible [18]. Any discrepancies were resolved through

discussion or consultation with a third supervising author. The
selection procedure followed specified predefined inclusion and
exclusion criteria.

2.4. Data Extraction
The authors used an online Google spreadsheet to independently
extract data, and a supervising author settled any disputes. Extracted
data were mainly divided into four domains: (1) study characteristics,
(2) characteristics of the population in the included studies, (3) risk
of bias domains, and (4) study outcomes. The necessary data were
reported directly in the text, so no additional extraction tool was
required.

2.5. Risk of Bias Assessment and Certainty of Evidence
We assessed the risk of bias in the included studies using the
Cochrane Risk of Bias 2 Tool (ROB 2) across five domains (e.g.,
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Figure 4: Leave-one-out sensitivity analysis of SDMT.

randomization, blinding, outcome reporting) [19]. Each study was
independently assessed by two reviewers, with a third reviewer
resolving any disagreements.
The GRADE (Grading of Recommendations Assessment, Develop-
ment and Evaluation) methodology was used to evaluate the quality
of the evidence for the primary and secondary outcomes [20]. The
summary of findings table was generated using GRADEpro GDT
software [21]. Assessments were performed independently by two
reviewers, and disagreements were resolved through discussion or
by involving a third supervising reviewer. We classified the certainty
of evidence as high, moderate, low, or very low, based on GRADE
domains: risk of bias, inconsistency, indirectness, imprecision, and
publication bias. GRADE profile Summary of Findings tables were
produced and made available as supplemental data (Supplementary
Table 1: GRADE assessment).

2.6. Outcome Measures
2.6.1. Primary Outcome
Information processing speed: reporting using SDMT. Scores were
reported either as z-scores or raw scores, and higher scores are better.
For consistency, scores reported on different scales were pooled as
standardized mean differences (SMD) to account for variability in
outcome measures. Subgroup analyses were performed according to
the area of RS-tDCS stimulation and the montage-based taxonomy
(symmetric bicephalic montage, unilateral anode with contralateral
supraorbital reference, or bifrontal montage).
2.6.2. Secondary Outcomes
We synthesize the outcomes that were reported in more than one
trial. The TUG test is used to measure functional mobility, and lower
scores are better; Fatigue was assessed using the PROMIS Fatigue
Short Form 7a in included studies, and the change from baseline to
end of treatment was pooled as a raw score mean difference using
the same instrument and timepoint definition across studies, and
lower scores are better; and the MSQOL questionnaire is used to
measure quality of life, and higher scores are better. For consistency,
TUG and MSQOL results were pooled as SMD due to the variability
in outcome measures, while PROMIS results were pooled as mean
differences (MD).

2.7. Evidence Synthesis
We synthesized the data by first extracting and summarizing key
details from each study, such as characteristics of the studies and
participants, active RS-tDCS protocols (e.g., area of stimulation,
montage-based taxonomy), and sham tDCS protocols. To maintain
clarity, we organized the results according to stimulation parameters.
The team identified and discussed any discrepancies or ambiguous
methodological reporting. By grouping the findings thematically, we
aimed to reveal patterns, including whether particular stimulation

regions or RS-tDCS montage-based taxonomy corresponded with
variations in outcomes.
All statistical analyses were performed using R software (version
4.5.0). As we expected differences in protocols across studies, we
predefined the use of a DerSimonian-Laird random-effects model
to calculate combined estimates and Hartung-Knapp adjustment
disabled (hakn = FALSE) in R (package meta). We chose this model
because it accurately captures real-world variability among patient
groups, intervention procedures, and study variations. Continuous
outcomes were reported as MD or SMD with 95% confidence
intervals. We applied SMD when combining studies that measured
the same outcome using different scales (e.g., SDMT was reported as
either z-scores or raw scores), because SMD standardizes effect sizes
across varying measurement methods. In contrast, MD was used
when outcomes were measured on the same scale across studies.
All outcomes in this analysis were continuous, and we assessed
the change from baseline to the final time point, and in the case
of stratified multi-group data, as Charvet 2025, we excluded the
open-label design. For studies reporting multiple subgroups (e.g.,
low vs. high EDSS), we combined these into a single study estimate
for the primary analysis. Heterogeneity was assessed using the chi-
squared test and the I² statistic; we considered P values of 0.1 and
I² > 50% indicative of substantial variability [22]. When significant
heterogeneity was detected, we performed a sensitivity analysis
to assess how individual studies influenced the overall findings
[23]. SDMT was investigated in subgroup analyses based on the
area of tDCS stimulation and montage-based taxonomy (symmetric
bicephalic montage, unilateral anode with contralateral supraorbital
reference, or bifrontal montage). To reliably detect publication bias in
meta-analyses, Sterne et al. suggest assessing funnel plot asymmetry
with at least ten studies [24]. Since our main analysis includes fewer
than 10 studies, we cannot assess publication bias using this method.

3. Results

3.1. Study Selection
We performed a comprehensive search of relevant databases, which
revealed 365 records. After removing 61 duplicate records, we
screened the titles and abstracts and excluded 272 studies because
they did not meet the inclusion criteria. Then we screened the full text
of 32 studies, excluding 26 for reasons specified in the PRISMA flow
diagram (Figure 1). The final systematic review and meta-analysis
included five unique RCTs (published across six reports: Charvet et
al. 2018; Pilloni et al. 2024; Pilloni et al. 2025; Pagliari et al. 2025;
Charvet et al. 2025 (1); Charvet et al. 2025 (2), the last two reports
are the same RCT).
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Figure 5: Forest plots of subgroup analysis of SDMT.

Figure 6: Forest plots of the Timed Up & Go test.

3.2. Study Characteristics
Five RCTs were selected for inclusion in the systematic review,
involving 291 patients with MS. Four studies were conducted in
the USA, and only one in Italy. And one specifically targeting
MS patients with cannabis use disorder. The primary outcome was
information processing speed, measured using the SDMT. (Table 1)
summarizes the key characteristics of the included studies. The
baseline characteristics of the included patients are summarized in
(Table 2). Among 291 patients across five studies, the mean age was
53.06 years, with males comprising 25.9% of the patients. The mean
Expanded Disability Status Scale (EDSS) was 4.55, and the mean
disease duration was 13.67 years, suggesting a chronic, moderate
disability.

3.3. Risk of Bias of Included Studies
Using the ROB 2 tool across the five RCTs, four [25–28] revealed
an overall low risk of bias, and only Pilloni 2025 et al. [29] showed
high risk of bias due to issues with missing outcome data. (Figure 2)
presents both the ROB graph and summary.

3.4. Analysis of the Primary Outcome
A meta-analysis with 137 patients in the active group and 114 in
the sham group assessed how well RS-tDCS improved information
processing speed. The meta-analysis resulted in a non-significant
improvement in SDMT, with an SMD of 0.20 (95% CI: [-0.06,
0.45]; P = 0.1275, n studies: 4) and low heterogeneity (I² = 0%,
P = 0.62) (Figure 3). The leave-one-out sensitivity analysis yielded
non-significant results in all cases (Figure 4). To examine whether
the difference in montage-based taxonomy (symmetric bicephalic
montage, unilateral anode with contralateral supraorbital reference,
or bifrontal montage) could explain the non-significant results,

we conducted a subgroup analysis based on the montage-based
taxonomy. The subgroup analysis also showed a non-significant
improvement in all subgroups (Figure 5). Subgroup analysis based
on stimulation area, either dorsolateral prefrontal cortex (DLPFC) or
motor cortex (M1), was conducted. Results showed a non-significant
improvement in both subgroups (Figure 5). Another subgroup
analysis according to the co-intervention was conducted, showing a
non-significant improvement in all subgroups (Figure 5). According
to the variation in sham protocols, we conducted a subgroup analysis
according to the sham duration for ramp-up/down to explore whether
this variation explains the non-significant results; the results showed
a non-significant effect in all sham protocols (Figure 5). Based on
the GRADE approach, the certainty of evidence was rated as very
low.

3.5. Analysis of Secondary Outcomes
Further analysis of secondary outcomes was conducted to investigate
the efficacy of RS-tDCS in functional mobility, fatigue, and quality
of life using the Timed Up & Go test, PROMIS scale, and MSQOL
questionnaire, respectively. The analysis showed a non-significant
improvement in all outcomes with an SMD of -0.13 (95% CI: [-0.59,
0.32]; P = 0.56) (Figure 6), an MD of -2.51 (95% CI: [-8.94, 3.92]; P
= 0.44) (Figure 7), and an SMD of 0.22 (95% CI: [-0.31, 0.75]; P =
0.42) (Figure 8), respectively. High heterogeneity was observed for
fatigue (I² = 75%, P = 0.05), likely due to variations in stimulation
protocols across studies. The certainty of evidence was rated as low,
very low, and low, respectively.
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Table 1: Summary of Included Studies
Study ID Country Total

N
Summary of inclusion
criteria

Montage-
based
taxonomy

Active group
protocol

Sham group
protocol

Other
interventions

Area of
stimulation

No. of
sessions

Supervision/ Fidelity/
Adherence

Outcomes and
measurement tools

Summary of the
study

Pilloni 2025
[29]

USA 47 The study includes adults aged
21-65 diagnosed with
relapsing-remitting multiple
sclerosis and mild to moderate
neurological disability who
have been stable on
medications for at least one
month. They have Cannabis
Use Disorder per DSM-V,
experience mild to moderate
distress, and aim to reduce or
stop cannabis use.

Symmetric
bicephalic
montage

Electrical current
ramped up to 2 mA
(30 seconds),
remained constant
(19 minutes), and
ramped down (30
seconds).

2 mA, 20
min/session, total
60 sec for
ramp-up/down

Mindfulness
meditation in
both groups

left DLPFC 20/4
weeks

Live technicians
oversee every session
with identity/setup
verification;
SNAPstrap DLPFC
headset visually
checked; device logs
stimulation
time/intensity; 83%
completed ≥14/20
sessions.

Efficacy (DFAQ-CU),
withdrawal symptoms
(CWS), MS-related
symptoms
(SymptoMScreen),
cognitive performance
(SDMT)

This pilot RCT
supports the feasibility
and preliminary
efficacy of telehealth
tDCS in a medical
subpopulation.

Charvet 2018
[25]

USA 27 Adults aged 18–70 with a
confirmed MS diagnosis (any
subtype, in remission if
relapsing–remitting),
physically, visually, and
cognitively able to complete
procedures (SDMT z ≤-3.0),
EDSS ≤ 6.5 or with caregiver
assistance, and at least 1
month post-steroid use or
relapse

bicephalic
montage

2.0 mA stimulation
(1.5 mA if they
could not tolerate
2.0 mA during the
tolerability test at
baseline).

Ramp up to 2.0 mA
and back down
during the first and
last minutes of the
session.

- left DLPFC 20/4
weeks

Live video supervision
of all sessions; Soterix
device with single-use
unlock codes and
session logs; daily
pain/AE ratings
pre/during/post; stop if
pain≥7/10; ≥8/10
sessions required for
analysis; high
compliance reported

FSS, PROMIS, visual
analog fatigue ratings,
BDI

This RCT shows
statistically significant
reductions in fatigue
for the active group.

Pilloni 2024
[28]

USA 60 Ages 18–70 with progressive
MS, EDSS ≤7.5, right-hand
dominant, at least mild manual
dexterity impairment
(normative z-score ≤1.0 on
9-HPT).

Unilateral
anode with
contralateral
supraorbital
reference

Direct current at 2.0
mA for a duration of
20 minutes.

Ramp-up/down
period of target 2.0
mA electrical
current for the
initial and final 60
seconds

Dexterity
training in both
groups

left M1-SO 20/4
weeks

Live video all sessions;
Soterix device with
unlock codes + logs;
daily safety checks;
high feasibility with
rapid recruitment &
compliance

VAS, 9-HPT,
DMMPUT, TPDS,
MGPST, T25FWT,
TUG, SDMT, PANAS,
MS-QOL.

Home M1-SO tDCS
enhances training
outcomes and offers a
promising intervention
for improving and
preserving hand
dexterity.

Charvet 2025
[26]

USA 117 Adults aged 18–75 with
definite MS, moderate fatigue,
low depression, adequate
cognition, no major
comorbidities, medically
cleared for tDCS, and
relapse-free for one month.

Symmetric
bicephalic
montage

The device was
programmed to
automatically ramp
up to 2 mA over 30
seconds, maintain
that intensity for 19
minutes, then ramp
down over 30
seconds.

Brief 60-second
ramp-up and
ramp-down phases
at the start, middle,
and end of each
20-minute session,
without providing
actual brain
stimulation.

Cognitive
training in both
groups

left DLPFC 30/6
weeks

Daily video
verification of headset
assembly/saline
preparation;
pre-programmed
devices with 3-ramp
sham and safety abort;
continuous monitoring
during BrainHQ
training; 92%
completed ≥25/30
sessions

Primary outcome:
Change in PROMIS
Fatigue score.
Secondary outcomes:
MFIS for physical,
cognitive, and
psychosocial fatigue.
Safety: Pain and
adverse events.

Home-based tDCS
combined with
cognitive training was
well tolerated but
showed no additional
benefit over cognitive
training alone in
reducing MS-related
fatigue.

Pagliari 2025
[27]

Italy 40 Ages 25–70, Italian native
speakers, ≥8 years of
education, right-handed,
EDSS ≤6.5, no relapses or
steroid use in the past 3
months, no visual/hearing
impairments affecting rehab,
and no tDCS contraindications
(metal implants, pacemaker,
seizure, head trauma, epilepsy,
or stroke).

Bifrontal
montage

Participants
received real
stimulation (2 mA
for 20 min) during 5
sessions
(Monday–Friday).
Electrodes were
placed over F3
(anode) and F4
(cathode). Sessions
were supervised
online, and safety
and sensations were
checked after each
session.

20-minute sessions,
but the current was
turned off after 15
seconds while the
timer continued.
This kept
participants blinded.

Virtual reality
telerehabilita-
tion training in
both groups

left DLPFC 5/week Synchronous therapist
guidance during
telerehabilitation
sessions; smartphone
photo reference for
F3-F4 electrode
placement; daily AE
questionnaire
post-session; median
28/30 sessions
completed (93%
adherence)

Primary outcome:
Motor function
measured by
Mini-BESTest.
Secondary outcomes:
Gross manual dexterity
(Box and Block Test),
walking ability
(12-item MS Walking
Scale), cognitive
function (SDMT),
anxiety (STAI),
depression (BDI).

Home-based RS-tDCS
combined with
telerehabilitation was
well tolerated,
enhanced gait and
balance, and reduced
anxiety but showed no
impact on cognitive
function, fatigue, or
depression in patients
with MS.

MS, multiple sclerosis; SDMT, Symbol Digit Modalities Test; EDSS, Expanded Disability Status Scale; 9-HPT, Nine-Hole Peg Test; mA, milliampere; DLPFC, dorsolateral prefrontal cortex; M1, primary motor cortex; CWS, Cannabis Withdrawal
Syndrome; FSS, Fatigue Severity Scale; PROMIS, Patient-Reported Outcomes Measurement Information System; VAS, Visual Analogue Scale; BDI, Beck Depression Inventory; DMPMUT, Difficult Manual Performance Manipulation Upper Test; TPDS,
Time Per Digit Symbol; MGPST, Modified Grooved Pegboard Speed Test; T25FWT, Timed 25-Foot Walk Test; TUG, Timed Up and Go test; PANAS, Positive and Negative Affect Schedule; MS-QOL, Multiple Sclerosis Quality of Life; MFIS, Modified
Fatigue Impact Scale; MoCA, Montreal Cognitive Assessment; STAI, State-Trait Anxiety Inventory.
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Table 2: Demographic and Clinical Baseline Characteristics of Study Participants
Study ID Groups Total

Sample
Size in
Each

Group

Males n (%) Age mean
(SD)

Disease
duration

Baseline EDSS
score

Baseline SDMT

Pilloni 2025
[29]

Active tDCS 31 0 (0) 41.5 (10.4) 8.6 (8.1) - -1.9 (1.2) z-score

Sham tDCS 16 0 (0) 45.6 (8.9) 8.4 (5.4) - -2.0 (1.5) z-score
Charvet 2018
[25]

Active tDCS 15 7 (46) 44.8 (16.2) 15.8 (9.4) 4.75 (2.012) -

Sham tDCS 12 4 (33) 43.4 (16.2) 13.3 (11.3) 3.875 (2.599) -
Pilloni 2024
[28]

Active tDCS 31 10 (32.3) 55.23 (8.73) 17.14 (12.55) 5.125 (1.46) -0.85 (1.24)
z-score

Sham tDCS 29 7 (24.1) 53.69 (7.73) 16.57 (11.09) 4.6 (1.629) -0.83 (0.10)
z-score

Charvet 2025
[26]

Sham tDCS, EDSS: Low 33 5 (15.2) 45.06 (13.06) - - -1.17 (1.17)
z-score

Active tDCS, EDSS:
Low

35 8 (22.9) 45.37 (13.04) - - -0.62 (1.22)
z-score

Sham tDCS, EDSS: High 23 5 (21.7) 54.30 (7.87) - - -1.12 (1.40)
z-score

Active tDCS, EDSS:
High

26 8 (30.8) 53.65 (9.74) - - -1.98 (1.42)
z-score

Pagliari 2025
[27]

Active tDCS 20 7 (35) 51.60 (8.46) 14.15 (9.42) 4.46 (2.29) 45 (13.37) raw

Sham tDCS 20 10 (50) 47.55 (11.56) 15.30 (10.14) 4.5 (2.39) 40 (13.32) raw
tDCS, transcranial direct current stimulation; EDSS, Expanded Disability Status Scale; SDMT, Symbol Digit Modalities Test.

4. Discussion
This systematic review and meta-analysis evaluated the efficacy
of RS-tDCS in individuals with MS, synthesizing evidence from
five randomized controlled trials involving 291 participants with
moderate disability and long disease duration. Overall, pooled anal-
yses showed no significant RS-tDCS benefit across heterogeneous
trials featuring co-interventions (4/5) and mixed objectives (cannabis
subgroup in 1/5), limiting indirectness for standalone RS-tDCS
efficacy in core MS domains.
The Pilloni et al. (2025) pilot trial represents a distinct clinical
scenario, targeting MS patients with comorbid cannabis use disorder
seeking substance reduction rather than core MS symptom manage-
ment. This study’s unique patient population and primary objective
limit its generalizability to broader MS therapeutic questions,
warranting cautious interpretation within the pooled analyses.
Nevertheless, several individual trials reported domain-specific
benefits, particularly reductions in fatigue, improvements in hand
dexterity following primary motor cortex stimulation, and enhanced
gait, balance, and anxiety outcomes when RS-tDCS was combined
with structured rehabilitation or virtual reality-based telerehabilita-
tion.
The biological rationale for RS-tDCS in MS lies in its ability to
modulate cortical excitability and promote neuroplasticity through
NMDA receptor-dependent mechanisms, potentially compensating
for disrupted neural networks caused by demyelination and neurode-
generation [30, 31].

These findings suggest that RS-tDCS may have adjunctive value
when paired with task-oriented interventions rather than functioning
as a standalone therapy. Across all studies, high adherence rates were
observed [32–34].
Anodal stimulation of the dorsolateral prefrontal cortex and primary
motor cortex has been shown to influence cognitive, motor, and
affective domains by enhancing functional connectivity and corti-
cospinal output [35, 36]. Compared with earlier clinic-based stud-
ies, RS-tDCS enables extended stimulation protocols and broader
participation, with emerging evidence supporting selective benefits
when combined with rehabilitation strategies [37, 38]. A subgroup
analysis based on the sham protocol showed no difference between
all subgroups. For more consistency, we suggest using a more active-
feeling sham protocol in future trials to minimize between-group
differences, so participants can’t easily tell if it’s active or sham.
Interpretation of these findings is limited by substantial heterogeneity
across studies, including variability in stimulation parameters,
cortical targets, number of sessions, number of patients and studies,
indirect populations, concurrent adjunctive behavioral interventions,
and outcome measures. Subgroup analyses did not yield significant
improvements in SDMT performance, underscoring the exploratory
nature of this meta-analysis. The small number of sham-controlled
trials and short follow-up durations further limit certainty regarding
long-term efficacy. Additional evidence search limitations include
English-only publication restrictions and a lack of trial registry/grey
literature searches, potentially missing non-English or unpublished
data. Future research should focus on adequately powered, mul-
ticenter trials with standardized protocols, longer follow-up, and
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Figure 7: Forest plots of the PROMIS scale.

Figure 8: Forest plots of the MSQOL questionnaire.

integration of neuroimaging or neurophysiological biomarkers to
clarify therapeutic specificity and optimize personalized RS-tDCS
interventions.

5. Conclusion
Current sham-controlled evidence does not demonstrate a clear
benefit for pooled outcomes of RS-tDCS in MS. Future trials
should test standardized RS-tDCS protocols within clearly defined
standalone versus adjunctive treatment frameworks.
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