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Abstract 

Multiple sclerosis is still an incurable disease that has a major impact on quality of life, cognitive 
function and motor function. Neurorehabilitation which focuses on the plasticity of the central 
nervous system has emerged as a crucial strategy for treating the crippling symptoms of MS, such as 
exhaustion cognitive loss and movement deficits. This review looks at how non-invasive brain 
stimulation particularly repetitive transcranial magnetic stimulation and transcranial direct current 
stimulation can help people multiple sclerosis walk more easily. Our goal is to evaluate the 
effectiveness of NIBS in improving walking ability lowering motor impairment and promoting 
quality of life for people with MS by conducting a thorough literature review. In addition to 
summarizing recent research this review identifies gaps in the literature and investigates possible 
novel uses of NIBS in MS rehabilitation. 
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1. Introduction 

Multiple sclerosis (MS) characterized by cumulative and often irreversible neurologic damage 
has no established cure and continues to challenge therapeutic advancements [1]; WHO. Current 
pharmacologic treatments offer symptomatic relief but may also produce undesirable side effects, 
underscoring the need for alternative non-pharmacological interventions in MS management [2,3]. 
Neurorehabilitation approaches particularly those leveraging non-invasive brain stimulation (NIBS) 
present a promising avenue for enhancing functional abilities without medication reliance 
addressing both motor and cognitive deficits that contribute to quality-of-life declines in MS [4,5]. 
45–70% of individuals have cognitive impairments [6,7] and can emerge early progressively 
worsening over time thereby contributing to a reduced quality of life and impaired social functioning 
[8,9]. Motor dysfunction, affecting up to 80% of individuals with MS can result from muscle 
weakness, abnormal gait, balance issues and fatigue [10]. Furthermore, the interplay between 
cognitive and motor dysfunction is significant with cognitive decline linked to increased risk of falls 
and greater motor impairment [11]. 

In MS the distinctions between pharmacological and non-pharmacological intervention one 
must explore both the therapeutic use of drugs and alternative methods that improve health without 
medication. Rehabilitation plays a critical role and focuses on enhancing functional abilities 
mitigating symptoms and improving the quality of life for pwMS making it an essential component 
of comprehensive MS care. Other rehabilitation approach such as electrical or magnetic stimulation 
to modulate activity in the cerebral cortex, potentially inducing long-lasting neuroplastic changes 
[12]. Among these techniques tDCS and rTMS are the most widely studied [13–15]. 

Last thirty decades NIBS in rehabilitation has received considerable attention. rTMS has been 
shown to enhance upper and lower extremity functions and modulate cortical excitability [16–19]. 
Yang et al. (2013) are the first to combine rTMS and treadmill-walking training and reported 
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electrophysiological and functional changes in patients with Parkinson’s disease (PD) [20]. To date, 
much of the evidence has focused on symptoms like pain [21], cognitive and fatigue [22] with limited 
data available on its influence on motor outcomes with pwMS. Furthermore, there are no established 
guidelines for the therapeutic use of NIBS in MS [23]. This review aims to offer a detailed analysis of 
the effects of NIBS techniques in MS gait rehabilitation exploring their efficacy application and 
potential to enhance the quality of life for MS patients. By synthesizing current research this review 
will provide insights into future clinical applications and research directions in the field of MS 
rehabilitation. 

Pathophysiology, Primarily from the demyelination and axonal damage affecting neural 
pathways that control movement and coordination, this damage which is central t0 disrupts the 
communication between the brain and muscles leading to various motor impairments. Key features 
of gait disturbances include muscle weakness, spasticity, impaired proprioception, and balance 
issues, all contributing to an unsteady and often slow gait pattern [24]. 

Spasticity, a hallmark symptop particularly affects the lower limbs leading to rigidity and 
reduced range of motion which in turn hampers step length and walking speed [25]. Sensory ataxia 
or a lack of coordination due to impaired sensory feedback is also common. This ataxia stems from 
lesions in the cerebellum or proprioceptive pathways crucial for maintaining smooth and 
coordinated gait [26]. In addition, fatigue another frequent MS symptom exacerbates gait instability 
especially during prolonged walking activities further reducing walking endurance and safety [27]. 

Lesions in the spinal cord and brainstem additionally disrupt the neural circuits involved in 
motor control and contribute to balance deficits increasing the risk of falls. The cumulative effect of 
these symptoms leads to a distinct “MS gait” often characterized by asymmetry, reduced stride length 
and compromised postural control which significantly impacts mobility and quality of life [28]. 

EDSS, Hauser ambulation index score used to assess walking disability in MS [29,30]. The 
T25FWT is used to assess maximal walking speed over a short distance, measured in seconds, as part 
of the Multiple Sclerosis Functional Composite (MSFC). To perform the T25FWT, the patient is 
instructed to walk 25 feet as quickly as possible, but safely, along a clearly marked course. The test is 
immediately repeated by having the patient walk back the same distance, and the T25FWT score is 
calculated as the average time of the two trials [31–33]. The 6MWT evaluates walking endurance [34]. 
For this test, the patient is instructed to walk as far and as fast as possible within a 6-minute period, 
with the total distance covered used as the score. Both the T25FWT and 6MWT are simple, easily 
quantifiable tests that can be administered by personnel with minimal training and require minimal 
time to execute. 

Neuroplasticity and Gait 

Neuroplasticity enables the brain to reorganize its neural circuits to compensate for deficits an 
essential factor in MS-related gait dysfunction. Variables such as age at disease onset influence 
premorbid cognitive functional reserve which affects neuroplastic potential. Post-diagnosis MS 
patients may experience diminished brain plasticity and a decreased capacity for remyelination 
[35,36]. Additionally, sex differences in MS impact damage and repair mechanisms influencing 
variations in functional connectivity within the brain [37,38]. Lesion characteristics such as type, 
location, extent, and severity significantly impact neuroplastic adaptation [39–45]. Acute 
inflammation influences brain responses depending on the functional systems involved, with 
affected systems sometimes returning to baseline post-inflammation [39–41,46] However, chronic 
inflammation can drive sustained functional reorganization by altering local plasticity [44,47]. 

Harnessing neuroplasticity offers a rehabilitation pathway for functional recovery in MS. 
Evidence from stroke recovery underscores that neuroplasticity-driven interventions can rewire 
neural circuits and improve motor function despite severe impairments [48,49]. Similar principles 
apply in MS, where neuroplastic potential enables functional gains through training [50]. Combining 
NIBS with motor training enhances these effects; for example, stimulating the primary motor cortex 
(M1) increases cortical excitability and reinforces pathways essential for gait [44]. In MS, even short-
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term right-hand visuomotor task practice can reorganize ipsilateral sensorimotor regions, correlating 
with disability levels [39]. Long-term practice similarly restructures cognitive systems, enabling 
unique compensatory strategies. Techniques like constraint-induced movement therapy, successful 
in stroke, are under evaluation for MS, as they promote contralateral sensorimotor adaptation [51,52]. 
Neuroplasticity in MS supports motor performance improvements even amidst severe dysfunction 
[50]. Cognitive rehabilitation can similarly augment brain functional reserve especially in pediatric 
MS cases [53–56]. Motor imagery practice (MIP) is another effective strategy sharing motor control 
mechanisms with physical movements and enhancing rehabilitation outcomes [57–59]. 

Emerging device-based therapies including neuroprosthetics for motor recovery and cognitive 
enhancement tools are promising in MS rehabilitation [60,61], supported by the preserved plasticity 
across the disease spectrum [50]. NIBS techniques like repetitive transcranial magnetic stimulation 
(rTMS) and transcranial direct current stimulation (tDCS) hold potential for enhancing synaptic 
plasticity and cortical excitability in motor regions, such as M1 and the supplementary motor area 
(SMA). Recent studies highlight NIBS’s potential for improving walking speed and endurance, 
illustrating its capacity to enhance motor cortex excitability and strengthen adaptive plasticity in MS 
patients [62]. 

Mechanism 

The mechanisms underlying NIBS effects on motor cortex excitability, specifically using rTMS 
and tDCS. Both techniques aim to modulate the neurophysiological processes of the motor cortex to 
either enhance or inhibit corticospinal excitability. rTMS modulates motor cortex excitability through 
the repeated application of magnetic pulses at specified frequencies, allowing for causal inferences 
about the motor cortexs role in behavior (Rotenberg et al., 2014). Depending on the stimulation 
frequency rTMS can lead to either facilitation or suppression of corticospinal excitability. Theta burst 
stimulation (TBS) a patterned form of rTMS mimics natural brain oscillations and induces NMDA 
receptor-dependent plasticity contributing to both short- and long-term effects on motor function 
[63,64]. 

tDCS operates by applying weak electrical currents to modulate cortical excitability in a polarity-
dependent manner. Anodal tDCS enhances excitability by shifting the resting membrane potential 
towards depolarization while cathodal stimulation reduces excitability by promoting 
hyperpolarization [65–67]. These effects although influenced by stimulation intensity can lead to 
improved motor function, as seen in various studies on motor impairments [68]. Together, rTMS and 
tDCS offer complementary methods to explore and modify the neurophysiological substrates of 
motor dysfunction, with applications in both research and clinical settings. 

Pharmacological and Non-Pharmacological Intervention 

Pharmacological interventions may help improve gait dysfunction in pwMS. An important 
aspect of these interventions is identifying specific impairments, such as spasticity through 
neurological evaluation, as spasticity is a major contributor to gait impairment in MS. 
Pharmacological treatments aimed at reducing spasticity can, in turn, improve walking performance 
for pwMS. Medications are administered through various methods including oral medications, 
intrathecal baclofen, and intramuscular botulinum toxin injections, each offering potential benefits 
depending on the patients individual symptoms and needs [69,70]. 

Non-pharmacological interventions play an essential role in managing gait dysfunction in MS, 
providing a range of therapeutic options beyond medication. The physical interventions, maintain or 
increase the length of spastic muscles and reduce contractures by increasing soft tissue extensibility 
through viscous deformation and structural adaptation of muscles and other soft tissues and by 
changing the excitability of motoneurons innervating the spastic muscles [71–73]. Gait dysfunction 
due to ataxia and somatosensory deficits in individuals with MS can often be managed effectively 
with the assistance of mobility aids, such as a cane or walker. These devices help improve gait by 
widening the base of support, which enhances postural stability. For individuals with diminished 
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sensory input in the lower limbs, using these aids provides additional sensory feedback through the 
upper limbs, which can partially compensate for reduced proprioception by bypassing affected 
spinal pathway [74]. In addition, balance-specific exercise programs have been shown to improve 
balance in people with MS. Recent evidence suggests that targeted balance training, including 
innovative approaches such as torso weighting, virtual reality-based exercises, and 
visuoproprioceptive training, may positively impact both balance and walking ability in MS patients 
[75–78]. 

However, an emerging area of interest is NIBS, Last three decades a variety of NIBS have been 
invented to improve brain plasticity and enhance neural function of the human brain. There were 
two neuromodulations frequently using in pwMS which helps to improve cognitive, motor 
enhancement, reduce spasticity level in pwMS [79]. and high frequency rTMS has significant changes 
in gait parameters [4,80]. 

a technique with promising potential to enhance gait rehabilitation and offer unique 
mechanisms that may positively impact motor function and gait by targeting specific brain regions 
involved in movement control. 

2. Evidence of NIBS in Gait Rehabilitation 

Review of clinical studies on NIBS has shown potential in improving gait in PMS. However, the 
evidence varies with outcomes dependent on stimulation parameters MS phenotypes and the specific 
gait metrics assessed Tables 1–3, Figure 1. 

Figure.1.  
 

 
Abb: iTBS: Intermittent Theta Burst stimulation; rTMS: repetitive Trancranial magnetic 
stimulation; tDCS: Trancranial Direct current stimulation; PT: Physical Therapy; tRNS: 
transcranial Random Noise Stimulation.   
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Table 1: Studies assessing NIBS for Gait Rehabilitation 
Authors Age Mean 

Exp(Cont) 
EDSS Score Mean 
Exp(Cont) 

Total /Phenotype 
 
Active  

 
 
Sham 

Intervention/sessions Outcome 
Measure 

Result 

Salemi et al 
(2019)  

39.8(44.2) 2.8(2) RRMS:9 RRMS:8 NIBS:tRNS-
9/ShamtRNS-8 
Duration: 15min/ 2wk 
Int: 1.5mA 

25FWT Not Signif

Pilloni et al: 
(2020) a 

52.1(54.2) 5.0(5) RRMS:2 
SPMS:7 

RRMS:3 
SPMS:5 

NIBS: tDCS + PT 
Duration: 20min/single 
session 
Int: 2.5mA 

TUG time 
10MWT 

Not Signif

Pilloni et al: 
(2020) b 

52.1(52.5) 5.3(4.5) RRMS:2 
SPMS:7 

SPMS:3 
RRMS:3 
 

NIBS: tDCS + PT 
Duration: 20minuts/10 
session/ 5 d/wk./2wk 
Int-2.5mA;anode(C3); 
cathode (FP2) 

10MWT 
2MWT 

Significan
in distan
stride leng

Leocani et al 2012 - - 23PMS 23PMS NIBS: 20Hz-rTMS; Hc 
Duration:11 session/3wk 
Int: - 
 

10MWT 
6MWT 

Improved 

Tramontano et al 
(2020) 

51.9(51.6) 5.8(5.7) PPMS: 3 
SPMS:5 

PPMS: 5 
SPMS:4 

NIBS: iTBS+VR 
Duration: 20min/2week 
Int: - 
 

25FWT 
2MWT 

Not Sign
Improved(
Improved 

Oveigharam et al 
(2019) 

37.9(40.2) 3.7(3.8) RRMS: 1 
PMS:6 
 

RRMS:2 
PMS:4 

NIBS: tDCS 
Duration:30min/7 
session 
Int: 2.5mA 

T25WT Improved-
performan

Workman et al 
2019 

51.4(11.4) - RRMS:6 RRMS 6 NIBS: tDCS 
Duration:6 
or13min/2session 
Int: 2mA 

6MWT Improved-
performan

Marotta et al: 
2022 

43.2(39.7) 3(3) RRMS:9 RRMS:8 NIBS:tDCS + PT 
Duratio: 20minuts/5 days 
Int: 2.0mA 

6MWT 
TUG 

Improved 

 
Transcranial Direct Current Stimulation (tDCS); Repetitive Transcranial Magnetic Stimulation (rTMS); Intermittent Theta Burst Stimulation (iTBS); transcranial Random
Noise Stimulation (tRNS); Non-Invasive Brain Stimulation (NIBS), Multiple Sclerosis (MS), Relapsing-Remitting Multiple Sclerosis (RRMS), Secondary Progressive

Multiple Sclerosis (SPMS), Primary Progressive Multiple Sclerosis (PPMS), Expanded Disability Status Scale (EDSS), Timed 25-Foot Walk Test (T25-FW), 10-Meter Walk
Test (10MWT), 6-Minute Walk Test (6MWT), Timed Up and Go Test (TUG), Int(Intensity), Exp(experimental group), Cont.(control group). The studies summarized here
highlight the range of outcomes observed with different NIBS protocols, with improvements primarily noted in gait performance.  
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Table 2a TESTEX Evaluation.  

 
Score  Salemi  

et al 2019 

Pilloni  
etal 2020a 

Pilloni  
etal2020b 

Leocani  
et al 2012 

Tramontano 
et al 2020 

Oveigharam 
et al 2019 

Workman 
et al 2019 

Maro
et.al 

Study Quality: Eligibility criteria  1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Randomization  1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Allocation Concealment  0/1 1/1 1/1 1/1 0/1 1/1 0/1 1/1 

Smililarity at baseline  1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Binding of assessors 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Study Reporting: Outcome measures (85% 

patients) 

2/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 

Intention to treat analysis 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Between-group statistical comparisons 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 

Point Measures and Measures variability 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Activity Monitoring in the control group 0/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Exercise Intensity  0/1 1/1 1/1 1/1 0/1 0/1 0/1 1/1 

Exercise parameters 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Total score  11/15 15/15 15/15 15/15 13/15 14/15 14/15 15/15

 
 
 
 
 
 
Table 2b: Study Quality Based on Total TESTEX Scores 

Study Total TESTEX Score (out of 15) Quality Category 
Salemi et al. (2019) 11 Medium 

Pilloni et al. (2020)a 15 High 
Pilloni et al. (2020)b 15 High 
Leocani et al. (2012) 15 High 

Tramontano et al. (2020) 13 High 
Oveisgharan et al. (2019) 14 High 

Workman et al. (2019) 14 High 
Marotta et al. (2022) 15 High 

 
 
TESTEX (Tool for the Assessment of Study Quality and Reporting in Exercise Studies) is a
validated scale specifically designed to evaluate the methodological quality and reporting
standards of exercise-based intervention studies. It assesses critical aspects such as
randomization, allocation concealment, blinding, compliance, and statistical reporting,
ensuring transparency and rigor in clinical trials. The scale provides a systematic approach to
identify strengths and limitations, facilitating reproducibility and reliability in research
findings.  
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Gait Improvement Metrics and Outcomes: Studies have investigated NIBS impact on key gait 
parameters such as walking speed, endurance, stride length, and spasticity reduction. For instance, 
Pilloni et al. (2020) used tDCS with physical therapy (PT) over ten 20-minute sessions (2.5 mA, anode 
at C3, cathode at FP2), reporting significant gains in gait speed, stride length, and endurance in SPMS 
patients. Improvements in the 10-Meter Walk Test (10MWT) and 2-Minute Walk Test (2MWT) 
metrics suggest that higher-intensity and cumulative sessions of tDCS can reinforce neuroplasticity 
and motor function gains. In a similar vein, Leocani et al. (2012) applied high frequency rTMS (20 Hz) 
in 11 sessions over three weeks, demonstrating notable improvements in gait speed and endurance 
for PPMS patients. Significant improvements in the 10MWT and 6MWT metrics illustrate that 
repeated high-frequency rTMS sessions can provide meaningful motor benefits particularly for 
patients with severe spasticity [81,82]. 

Comparative Effectiveness of NIBS Protocols: Evidence shows differences in effectiveness 
across NIBS protocols. rTMSfor example, frequently shows success in reducing spasticity and 
enhancing endurance. Leocani et al. (2012) observed sustained spasticity reduction following 11 high-
frequency sessions (20 Hz, motor cortex stimulation), whereas Iodice et al. (2015) found that five 
sessions of 2 mA tDCS did not produce significant improvements in spasticity. These differences 
suggest that rTMS may engage motor pathways more effectively for spasticity management while 
tDCS may be more effective when combined with PT and aimed at enhancing other gait parameters. 
Pilloni et al. (2020) also noted that cumulative tDCS sessions combined with PT (20 minutes, 2.5 mA) 
improved gait parameters underscoring the importance of session frequency and integration with 
physical rehabilitation for optimal results. This comparison highlights how session frequency, 
intensity, and combination with active therapy play key roles in maximizing NIBS efficacy [81,83]. 

Short-term Versus Sustained Effects of NIBS: Although short-term gains in gait and motor 
function are well-documented sustaining these benefits without continuous sessions presents 
challenges. Leocani et al. (2012) found that high-frequency rTMS produced immediate gains in gait 
speed and endurance. however, these benefits diminished within weeks if sessions were not 
repeated. Mori et al. (2011) observed that cumulative high-frequency rTMS sessions led to longer-
lasting improvements indicating that ongoing treatment may be essential to maintain gains. In 
contrast, Salemi et al. (2019) found that 15-minute, 1.5 mA tRNS (transcranial random noise 
stimulation) sessions over two weeks did not produce significant changes in T25FWT scores. This 
outcome highlights that certain NIBS protocols may require higher intensities longer durations or 
combination with physical therapy to achieve consistent gait improvements [49,82,84]. 

Patient-Specific Responses and Variability: Some studies indicate that higher-intensity 
cumulative protocols are more effective in SPMS and PPMS with significant spasticity. Tramontano 
et al. (2020) combined iTBS (20 minutes) with virtual reality (VR) for two weeks, reporting notable 
improvements in gait and balance among both PPMS and SPMS patients, suggesting that adjunctive 
therapy enhances NIBS outcome. Additionally, patient demographics impact outcomes with younger 
patients and those with shorter disease durations typically showing better responses. Marotta et al. 
(2022) applied 20-minute tDCS (2 mA) with PT over five days, leading to improved gait velocity in a 
younger cohort on the 6MWT and TUG (Timed Up and Go) tests [85,86]. The absence of established 
procedures is a significant obstacle to more extensive NIBS in clinical settings. Efforts to generalize 
results are complicated by the broad variations in intensity duration and electrode placement found 
in studies. Treatment consistency across clinics would be enhanced by standardized 
recommendations that take into account the MS phenotype and particular gait abnormalities. The 
availability of NIBS is limited by accessibility issues, such as the requirement for specialized 
equipment and skilled staff. Additionally, not all environments can support resource-intensive 
cumulative sessions, highlighting the significance of protocol optimization to maximize benefits 
within realistic limitations. 
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3. Comparison of Outcomes with Conventional Rehabilitation Approaches 

When evaluating the outcomes of NIBS in comparison to conventional rehabilitation for gait 
improvement in pwMS, distinct advantages and some shared benefits emerge. 

rTMS/iTBS Versus Conventional Rehabilitation: Studies have demonstrated that rTMS and 
iTBS, particularly when used alongside traditional PT can enhance gait rehabilitation outcomes. Mori 
et al. (2011) found that 13 sessions of high-frequency rTMS significantly reduced spasticity and 
improved gait endurance effects which lasted up to two weeks post-intervention. The combination 
of HF- rTMS with PT produced more pronounced improvements in walking endurance and LL 
function compared to conventional PT alone suggesting a synergistic effect between motor cortex 
stimulation and physical rehabilitation. Similarly, San et al. (2019) observed that iTBS combined with 
physical therapy led to greater improvements in fatigue, mobility, and quality of life than PT alone. 
These results indicate that rTMS and iTBS can amplify the benefits of traditional rehabilitation likely 
by enhancing neuroplasticity in motor pathways critical for gait function [87,88]. 

tDCS Versus Conventional Rehabilitation: Studies examining tDCS combined with PT have 
also shown encouraging results particularly for improving gait metrics like speed, stride length, and 
endurance. Pilloni et al. (2020) demonstrated that 10 sessions of 20-minute, 2.5 mA tDCS with 
concurrent PT produced sustained improvements in gait speed and stride length, with effects lasting 
up to one month. This finding contrasts with conventional rehabilitation alone, which typically shows 
only modest, short-term gains in gait performance. However, tDCS outcomes can vary depending on 
protocol specifics. Oveisgharan et al. (2019) reported significant improvement in the T25FW after 
seven sessions of 30-minute, 2.5 mA tDCS, whereas Iodice et al. (2015) found no significant reduction 
in lower limb spasticity after a shorter five-session protocol. These results suggest that sustained and 
higher-intensity tDCS protocols may be more effective for motor function improvement in MS than 
conventional therapy alone (Nombela-Cabrera R, et al. 2023) [83,89–91]. 

Enhanced Neuroplasticity and Sustained Outcomes: One of the primary advantages of NIBS 
over conventional rehabilitation alone is its potential to promote long-lasting neuroplastic changes. 
HF- rTMS, as shown in Leocani et al. (2012), enhanced gait speed and endurance in progressive MS 
patients beyond the effects seen with PT alone, likely due to its ability to stimulate motor cortex 
excitability and support neural adaptation. Additionally, combining NIBS with conventional therapy 
appears to extend the durability of treatment effects. Marotta et al. (2022) observed that tDCS with 
PT maintained improvements in gait velocity on the 6MWT for weeks post-treatment, whereas 
similar gains with conventional therapy alone often diminish without ongoing sessions [82,86]. Even 
while it can be helpful, conventional therapy frequently falls short of producing long-lasting 
improvements in gait impairment associated with MS. Strength and balance exercises are the main 
emphasis of traditional therapy; while they can be beneficial, they could not adequately address 
central neuroplasticity. On the other hand, NIBS methods such as rTMS and tDCS target cortical 
regions that are specifically involved in motor control, providing a mechanism that directly affects 
neural circuits linked to gait. 

4. Tailoring NIBS Protocols Based on Different Gait Impairments 

Spastic Gait: with significant spasticity, HF- rTMS targeting the primary motor cortex (M1) has 
been shown to effectively reduce spasticity and improve gait parameters like stride length and 
walking speed. Studies indicate that a HF approach (e.g., 20 Hz) over multiple sessions may be 
optimal for reducing spasticity making it suitable for patients with pronounced muscle tightness 
impacting gait [92]. 

Coordination and Endurance Deficits: In cases where gait impairment is primarily due to poor 
coordination or reduced endurance, tDCS may be more beneficial. Positioning the anode over M1 
and the cathode over the contralateral frontopolar region with moderate intensity (e.g., 2-2.5 mA) for 
repeated sessions can help improve lower limb coordination and endurance. Studies show that online 
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tDCS during gait training particularly with extended and cumulative sessions enhances outcomes 
related to gait distance and endurance [86,90,93]. 

Cumulative vs. Single Session Protocols: For lasting benefits, a cumulative approach with 
frequent sessions (e.g., 10–15 sessions over 2–3 weeks) tends to show more durable improvements 
compared to single sessions [81]. Tailoring session frequency and duration according to patient 
response can maximize effectiveness especially in PMS where motor impairments are more 
pronounced. 

Progression Stage Considerations: As MS progresses, gait impairments can worsen due to both 
damage and secondary muscular weakness. Early stages may benefit from higher-intensity frequent 
protocols to stimulate neuroplasticity and strengthen motor control pathways. In later stages, lower-
frequency or shorter-duration protocols may be better tolerated and still provide functional gains 
without overexerting the patient [4,94–96]. 

Combination with PT: Studies demonstrate that combining NIBS with PT can enhance the 
effects of both interventions. incorporating tDCS or rTMS during active gait training can reinforce 
motor learning and improve walking ability more effectively than NIBS or PT alone [97]. 

5. Challenges and Limitations 

One major limitation is the absence of standardized protocols for NIBS in MS rehabilitation. 
Studies vary widely in terms of stimulation parameters including intensity, duration, frequency and 
target areas. This lack of consistency makes it difficult to compare results across studies and limits 
the ability to establish universal guidelines for clinicians. Standardizing protocols that consider 
specific MS phenotypes and gait impairments would improve reproducibility and help define best 
practices for NIBS in MS. 

Variability in Patient Responses: Patient response to NIBS is highly variable influenced by 
individual neurophysiology disease progression and other comorbid conditions. While some patients 
show marked improvement in gait metrics others experience limited or no benefit from the same 
protocols. This variability makes it challenging to predict outcomes and complicates efforts to design 
personalized treatment plans that ensure effectiveness. 

Short-Term Versus Long-Term Efficacy:Although many studies report short-term 
improvements in gait function the sustainability of these effects remains uncertain. Benefits like 
reduced spasticity and improved gait speed often diminish within weeks if treatment is not 
maintained. There is limited evidence on the long-term efficacy of NIBS and whether these gains can 
be sustained without continuous intervention. Addressing this gap requires longitudinal studies to 
evaluate the durability of NIBS outcomes and to explore protocols for maintaining improvements 
over time [98]. 

Resource and Accessibility Constraints: NIBS requires specialized equipment trained 
personnel and often repeated sessions which can be resource-intensive. Many rehabilitation centers 
lack access to the necessary technology and expertise particularly in rural or underserved areas. This 
limited accessibility restricts the widespread adoption of NIBS for MS gait rehabilitation and poses a 
significant barrier to equitable care. Solutions such as developing more affordable and user-friendly 
NIBS devices or establishing home-based stimulation protocols could improve access. 

Potential Side Effects and Patient Tolerance: Although NIBS is generally well-tolerated some 
patients experience side effects like headaches scalp discomfort or tingling sensations. These adverse 
effects may affect patient compliance especially in protocols that require frequent sessions. 
Additionally, progressive MS patients with greater fatigue and sensitivity may have lower tolerance 
for longer or higher-intensity protocols. Balancing effectiveness with patient comfort is crucial and 
further research on minimizing side effects while maintaining therapeutic benefits is needed. 

Gap in Combination Therapy Research: While combining NIBS with PT shows potential to 
enhance neuroplasticity and functional outcomes there is a lack of in-depth research on how best to 
integrate these interventions. The optimal timing, duration, and intensity of combined NIBS and PT 
sessions are not yet well understood leaving room for future studies to explore how to maximize the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 July 2025 doi:10.20944/preprints202507.0205.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0205.v1
http://creativecommons.org/licenses/by/4.0/


 10 of 15 

 

synergistic effects of these therapies. Clarifying these parameters could help establish protocols that 
make the most of both approaches for long-term benefits. 

Stage-Specific Protocol Development: MS is a progressive disease and gait impairments can 
vary significantly across different stages. Early-stage patients may respond better to HF and high-
intensity NIBS protocols while later-stage patients might require lower-intensity shorter sessions to 
avoid fatigue. There is currently a gap in research focused on tailoring NIBS protocols to specific 
stages of MS which could enhance patient outcomes by ensuring the right protocol is used at the right 
time. 

6. Conclusion and Future Directions 

Current research demonstrates that personalized NIBS protocols can effectively enhance gait 
performance in MS patients, particularly when cumulative sessions are used and when stimulation 
parameters are tailored to individual needs. Both rTMS and tDCS have shown promise in improving 
metrics like gait speed, stride length, and muscle activation [87,89]. However, variability in patient 
response and the challenges of integrating NIBS into everyday clinical practice limit its broader 
application. Clinicians need to carefully consider disease stage and specific motor impairments when 
designing NIBS interventions to maximize their effectiveness. Future research should focus on large-
scale clinical trials to determine the long-term efficacy of NIBS in MS, as well as to explore optimal 
stimulation parameters for different stages of disease progression. Additionally, there is a need to 
explore combination therapies integrating NIBS with physical therapy cognitive training or 
pharmacological treatments to enhance overall patient outcomes. Another avenue for future 
exploration is the development of home-based NIBS systems that allow patients to receive remote 
stimulation sessions. This would improve accessibility and allow for ongoing treatment without the 
need for frequent hospital visits [99,100]. Moreover, continued research should investigate the 
mechanisms underlying NIBS to refine its application and understand how it can best support 
neuroplasticity in pwMS Combining NIBS with traditional physical therapy has been found to boost 
neuroplastic changes maximizing recovery potential [97,101,102]. Current evidence suggests that 
NIBS, when combined with traditional physical therapies, may provide additional benefits by 
facilitating motor cortex activation and reinforcing gait training outcomes. 
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Box 1: Pros and Cons of NIBS for gait Rehabilitation 
Box presents a summary of the advantages and limitations of NIBS for gait rehabilitation, emphasizing the variability in patient response and

the need for cumulative sessions for sustained effects. NIBS offers a non-invasive, customizable approach for enhancing neuroplasticity and

improving gait metrics; however, its clinical application is limited by accessibility, resource intensity, and inconsistent long-term outcomes. 
Cons Pros 

Variable Patient Response: Outcomes can differ significantly due to 
individual neurophysiology. 

Enhances Neuroplasticity: promotes neural adaptation, essential for motor recovery1. 

Requires Cumulative Sessions: Multiple sessions are often needed for 
sustained results. 

Improves Gait Speed and Stride Length: Studies show improved gait metrics with 

NIBS. 

Lack of Standardized Protocols: No universal guidelines for frequency, 
intensity, or duration for specifically motor dysfunction pwMS. 

Reduces Spasticity: Particularly useful for MS patients with high spasticity levels2–4. 

Resource-Intensive: Requires specialized equipment and trained 
professionals. 

May Increase Endurance: Enhanced motor function can improve walking endurance5. 

Inconsistent Long-Term Effects: Some improvements may not sustain 
without ongoing sessions. 

Supports Adjunctive Therapy: Can be combined with physical therapy for greater 
effects5,6. 

Limited Accessibility: Not all clinics have access to NIBS technology and 
expertise. 

Non-Pharmacological: Provides a drug-free alternative, which avoids medication side 
effects7. 

Potential Side Effects: Some patients experience headaches, scalp discomfort, 
or tingling. 

Potential for Customization: Protocols can be tailored to specific symptoms or 

impairments. 

Effectiveness May Vary by Stage of MS: Progressive stages may respond 
differently to NIBS. 

Minimal Invasiveness: Non-invasive with no surgical risks compared to invasive 
methods8. 
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