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ABSTRACT
BACKGROUND: Exercise has been demonstrated to be safe 
and well-tolerated in individuals with multiple sclerosis (MS). 
Physical activity has been shown to enhance the therapeutic 
effects of transcranial direct current stimulation (tDCS). This 
study aimed to determine the efficacy of intermittent tDCS 
combined with riding a stationary bicycle to improve walking 
capacity in individuals with MS.
METHODS: This double-blind randomized controlled trial 
enrolled 50 eligible participants. Thirty-nine participants 
completed the study: 21 in the active group and 18 in the 
control group. Participants were assigned randomly to 
exercise on a stationary bike in conjunction with anodal tDCS 
or to exercise combined with a sham tDCS protocol. Walking 
capacity tests (2-Minute Walk Test, 5-Meter Walk Test, Timed 
Up and Go test), manual muscle testing, the Fatigue Severity 
Scale, and the Multiple Sclerosis Quality of Life–54 were used 
to determine outcomes. 
RESULTS: In terms of observed changes in 2-Minute Walk 
Test and 5-Meter Walk Test values, the exercise + tDCS group 
achieved significantly higher posttreatment values than the 
exercise + sham tDCS group. After the intervention and 1 month 
later, the intervention group's mean Timed Up and Go test value 
decreased significantly (P = .002) compared with that of the 
control group. There was no difference in Fatigue Severity Scale 
score, Multiple Sclerosis Quality of Life–54 score, or manual 
muscle testing improvement between the 2 groups.
CONCLUSIONS: Nonconsecutive sessions of anodal tDCS 
combined with stationary cycling may have a greater effect on 
the walking capacity of individuals with MS than exercise alone  
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Multiple sclerosis (MS) is a disease in which the 
immune system destroys the myelin sheath 
surrounding axons in the central nervous 

system. It can result in severe physical disability and 
psychological complications. Approximately 75% of 
patients with MS have difficulty walking and are reli-
ant on walking aids and wheelchairs.1 

Gait issues are regarded as 1 of the most debilitat-
ing disorders affecting an individual’s personal and 
professional life.2 Motor disorders caused by axonal 
injury are irreversible; however, disability caused by 
decreased physical activity is reversible.3,4

Physical activity and exercise have been shown to 
be safe and well-tolerated by individuals with MS.5 In 
addition, exercise could play a neuroprotective role 
in this condition.6 Aerobic activity at low to moderate 
intensity may improve aerobic capacity, mood, and 
quality of life (QOL) in patients with mild to moderate 
MS severity.7 General guidelines for aerobic exercise 
training in MS demonstrate that moderate-intensity 
aerobic exercise 2 to 3 days per week in 10- to 40-min-
ute bouts is more effective than 5 days per week of 
higher-intensity exercise, which is recommended for 
advanced aerobic exercise training only.8 Apart from 
the necessity of scheduling sessions and intensities 
appropriately, research indicates that intermittent 
training causes less fatigue, is much more tolerable, 
and is preferable to continuous physical activity.9,10

Aerobic training can include treadmill exercises, 
leg ergometry, aquatic therapy, or yoga. As a combina-
tion of resistance and aerobic exercises and a repeti-
tive activity, cycling can effectively improve function 
in patients with MS.11 Repeated movements increase 
excitability in the primary motor cortex at the neural 
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level.12 Furthermore, cycling, similar to walking, results 
in significant cortical activation.13

Motor function rehabilitation is a critical compo-
nent of MS management that is facilitated by neu-
roplasticity, the brain’s capacity to adapt to injury  
or disability.14 

Plasticity seems to mitigate the clinical consequenc-
es of central nervous system damage by establishing 
brain activity patterns and appropriately reorganizing 
those altered patterns, resulting in improvements in 
motor performance with practice.15 Transcranial direct 
current stimulation (tDCS) modifies synaptic plasticity 
by altering cortical excitability.16

As a type of neuromodulation, tDCS transmits a 
weak electrical current through the scalp and changes 
the cortical excitability in the targeted brain area. The 
electrical current alters the resting membrane poten-
tial of nerve cells. Based on the electrode’s nature, it 
increases (anode) or reduces (cathode) the nerve cell’s 
electrical discharge.17 Anodal tDCS has been shown to 
increase corticospinal excitability, making it a promis-
ing tool for inducing neuroplastic changes.18 In addi-
tion, it is recommended for neurologic rehabilitation 
as an inexpensive, noninvasive, and safe method.19

Previous studies have evaluated the effect of tDCS 
on gait improvement in MS,20-23 although they used 
tDCS for a limited number of consecutive sessions. 
The purpose of this study was to determine whether 6 
weeks of tDCS combined with nonconsecutive cycling 
sessions improved the walking capacity of individuals 
with MS.

METHODS
Study Population
From June 2018 to December 2019, this double-blind 
randomized controlled trial was conducted at the 
Department of Physical Medicine and Rehabilitation, 
Tehran University of Medical Sciences. Fifty-seven 
patients were recruited and diagnosed by an attend-
ing neurologist (M.H.H.) using the McDonald diag-
nostic criteria. Participants were aged 18 to 48 years 
and had a mild to moderate level of physical disability 
as measured by the Expanded Disability Status Scale  
(score >4-6).24 They had not experienced a relapse in 
the past 30 days and had a slight increase in muscle 
tone according to the modified Ashworth scale  
(score ≤1).25 Exclusion criteria included severe illness, 
inability to walk, pregnancy, the use of neuromuscular 
electrical stimulation or other physiotherapy or occu-
pational therapy methods, underlying conditions that 
impaired motor function, and missing consecutive 
sessions. Before the intervention, all research circum-
stances were described in detail to the participants, 
and written consent was obtained. The study protocol 
was approved by the Tehran University of Medical 
Sciences Ethics Committee.

Interventions 
Using the block randomization method, 50 eligible 
participants were randomly assigned to 1 of 2 groups. 
Both groups engaged in aerobic exercise on a stationary 
bicycle (Technogym; Technogym USA Corp) with a load 
of 30 W/min and moderate-intensity activity as deter-
mined by the talk test, indicating that the patients were 
unable to sing during the activity. Twelve sessions over 
6 weeks were scheduled (2 nonconsecutive sessions per 
week). Sessions lasted approximately 40 minutes and 
included 10 minutes of cycling followed by 5 minutes of 
rest. The treatment group received electrical stimulation 
via 2 sponge surface electrodes (4 × 4 cm [active] and 4 × 9 
cm [reference] soaked in 10 mL of sodium chloride) via a 
2-channel tDCS device (Neurostim-2, Medina Teb).

The anode electrode was placed in the motor cortex 
area (C3) on the dominant hemisphere based on the 
International 10–20 system. On the opposite shoulder, 
the cathode was placed extracephalically.26 In contrast 
to previous studies that placed the cathode electrode 
over Fp2, this study placed the cathode on the shoul-
der, avoiding the cathode-induced decrease in excit-
ability of the right prefrontal cortex.

The current was gradually increased over 30 sec-
onds to 1.5 mA and then was maintained for 20 min-
utes; the stimulus was gradually decreased over a 
similar period. The same setup was used in the sham 
group, but no current was delivered between the rise 
and fall times.

Measurements
Primary Outcomes
Three methods were used to assess patients’ ambulation: 
the Timed Up and Go (TUG) test, the 2-Minute Walk Test 
(2MWT), and the 5-Meter Walk Test (5MWT). In the TUG 
test, the time begins when a patient rises from a chair 
and ends when the patient sits down after a 3-m walk. 
The TUG test is an excellent tool for assessing mobility, 
monitoring disease progression, and identifying fall risk 
in patients with MS.27

In the 2MWT, the patient is instructed to walk as fast 
as possible for 2 minutes in a 30-m-long straight cor-
ridor. Evidence suggests that the 2MWT can be used 
instead of the 6-Minute Walk Test in routine clinical 
evaluations of individuals with MS (decreased time 
and burden associated with regular visits).28

In the 5MWT the patient is timed while walking 
5 m. This test was developed to determine a person’s 
walking speed. Recent research compared a patient’s 
results on a 5MWT and a 10MWT with the same accel-
eration and deceleration distance, and the results 
indicated that there was no significant difference in 
walking speed.29

The 2MWT and the TUG test are both valid and reli-
able measures of walking capacity and overall mobility 
in individuals with mild MS.30
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Secondary Outcomes
Manual muscle testing was scored on a scale from 0 
(inability to move muscles) to 5 (overcoming the maxi-
mum resistance). The resident assessed the strength 
of the lower extremity’s proximal and distal muscles. 
Proximal muscles are those in the hip (flexors, exten-
sors, adductors, abductors) and knee (extensors, 
flexors), and distal muscles are the ankle dorsiflexors 
and the plantar flexors. Clinical strength assessment 
is reliable and valid for individuals with MS and may 
assist clinicians in tracking changes over time.31

The Fatigue Severity Scale (FSS) was translated 
into Persian and validated. It consists of 9 statements 
describing fatigue symptoms. A low score indicates 
less fatigue, whereas a high score indicates more 
severe fatigue.32

The Multiple Sclerosis Quality of Life–54 (MSQOL-54) 
asks 52 questions about health perception and satisfac-
tion that are divided into 12 multi-item subscales and 2 
single-item subscales: physical function, role limitation 

due to physical problems, role limitation due to mental 
problems, social function, stress about one’s health, 
sexual function, satisfaction with sexual function, 
pain, energy, health perception, overall QOL, health 
changes, cognitive function, and mental well-being.33 
All parameters were assessed before the interventions, 
after the final intervention, and 1 month after the final  
intervention session.

Randomization and Blinding
Patients were assigned by block randomization to 1 
of 2 groups: exercise combined with anodal tDCS (TE 
group) or exercise combined with sham tDCS (E group). 
Random allocation software was used to determine the 
patient distribution. The randomization process was 
performed by an independent researcher (H.R.F.) who 
had no contact with the patients. The participants, the 
researcher who evaluated them, and the intervention 
technician were all masked to the protocol assignment. 
At the conclusion of the study, blinding integrity was 

TABLE 1. Demographic and Baseline Characteristics (Preintervention)

Characteristic TE group (n = 21) E group (n = 18) P value

Sex, No (%)
  Female 13 (61.9) 11 (61.1) .55
  Male 8 (38.1) 7 (38.9)
Age, mean ± SD, y 40.0 ± 7.1 39.8 ± 6.6 .93

EDSS score, mean ± SD 4.76 ± 0.77 4.76 ± 0.88 .99

Type of MS, No. (%)
  PPMS 6 (28.6) 10 (55.6) .12
  RRMS 3 (14.3) 4 (22.2)
  SPMS 12 (57.1) 4 (22.2)
Manual muscle testing, No. (%)
  No weakness 1 (4.8) 1 (5.6) .84
  Proximal weaknessa 9 (42.8) 5 (27.8)
  Proximal and distal weaknessa 11 (52.4) 12 (66.7)
2MWT, mean ± SD, m 58.21 ± 3.40 56.52 ± 4.07 .75

5MWT, mean ± SD, s 8.63 ± 0.80 9.60 ± 1.24  .51

TUG test, mean ± SD, s 15.84 ± 1.75 14.93 ± 1.56 .70

FSS score, mean ± SD 46.24 ± 8.1 43.96 ± 10.1 .38
MSQOL-54 physical health 
composite score, mean ± SD 50.16 ± 2.20 46.39 ± 2.30 .25

MSQOL-54 mental health 
composite score, mean ± SD 44.40 ± 2.90 45.35 ± 2.20 .83

MS duration, mean ± SD, y 11.72 ± 3.70 9.32 ± 4.1 .41

2MWT, 2-Minute Walk Test; 5MWT, 5-Meter Walk Test; EDSS, Expanded Disability Status Scale; FSS, Fatigue Severity Scale; MS, multiple sclerosis; MSQOL-54, 
Multiple Sclerosis Quality of Life–54; PPMS, primary progressive MS; RRMS, relapsing-remitting MS; SPMS, secondary progressive MS; TUG, Timed Up and Go.
aProximal muscles: hip (flexors, extensors, adductors, abductors), knee (extensors and flexors); distal muscles: ankle dorsiflexors, plantar flexors (manual muscle 
test ≤4).
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established by documenting patients’ perceptions of 
their treatment group.

Safety and Adverse Events
There were no significant adverse events associated 
with tDCS, although some participants experienced a 
brief tingling sensation.

Statistics
A statistical software program (Stata 14; Stata Corp) was 
used for statistical analysis. In all statistical analyses, 
P < .05 was considered significant. Demographic and 
baseline variables are shown as mean ± SD, and order 
variables are given as number (percentage). The data 
were analyzed using modified intention-to-treat and a 
subset of full intention-to-treat; only individuals with 
data loss at a specific time point were excluded from 
statistical analysis. The Shapiro-Wilk test was used 
to assess the normality of the data. If the normality 
hypothesis was met, the available items were analyzed 
using repeated analysis of variance; otherwise, the 
Friedman test was used. A t test was used when the 

variables had a normal distribution; otherwise, the  
Mann-Whitney U test was used.

RESULTS
Of 57 participants assessed for eligibility, 5 did not meet 
the inclusion criteria and 2 declined to participate. The 
study enrolled 50 individuals to receive the interven-
tion. Twenty-five patients were scheduled for tDCS 
plus exercise (TE group) and 25 for a control exercise 
program (E group). Three patients in the TE group and 
4 in the E group did not complete the sessions due to 
a new relapse, an ankle sprain at work, or personal 
issues. One patient in the TE group did not return for 
the fourth follow-up week, and 3 patients in the E group 
refused to be reexamined. Thus, only 21 participants in 
the TE group and 18 in the E group completed the final 
follow-up (FIGURE S1, which is published in the online 
version of this article at IJMSC.org). The demographic 
characteristics and baseline clinical variables in both 
groups are summarized in TABLE 1. 

Both groups shared similar characteristics regard-
ing sex, age, clinical type of MS (relapsing-remitting, 

TABLE 2. Comparison of the Groups in Terms of Mean Differences in 2MWT, 5MWT, and TUG Test Outcomes

Outcome TE group E group P value Cohen d

2MWT, mean ± SD, m
  Preintervention 58.21 ± 3.40 56.52 ± 4.07 .75
  Postintervention
    Relative change, %c

    P valued

68.83 ± 5.90
23.2
.003b

62.57 ± 5.67
8.3
.12

.02ab 0.72

  Follow-up (4 wk)
    Relative change, %c

    P valued

61.2 ± 5.20
13.8

.002b

55.29 ± 4.01
–2.3
.73

.002ab 1.11

5MWT, mean ± SD, s
  Preintervention 8.63 ± 0.80 9.60 ± 1.24 .516
  Postintervention
    Relative change, %c

    P valued

7.36 ± 0.60
–13.6
.002b

8.97 ± 1.04
–6.7
.03b

.08e 0.48

  Follow-up (4 wk)
    Relative change, %c

    P valued

8.21 ± 0.60
–8.9
.15

9.61 ± 1.34
3.3
.90

.001be 0.45

TUG test, mean ± SD, s
  Preintervention 15.84 ± 1.75 14.93 ± 1.56 .701
  Postintervention
    Relative change, %c

    P valued

12.72 ± 1.05
–16.9
.001b

13.52 ± 1.16
–8.5
.002b

.02ab 0.58

  Follow-up (4 wk)
    Relative change, %c

    P valued

14.23 ± 1.45
–9.6
.002b

14.45 ± 1.36
–3.4
.03b

.002ab 0.90

2MWT, 2-Minute Walk Test; 5MWT, 5-Meter Walk Test; MD, mean difference; TUG, Timed Up and Go.
aBetween-group analysis t test.
bStatistically significant.
cCalculated as ([Baseline − After Month] / Baseline) * 100.
dWithin-group comparison using repeated-measures analysis.
eMann-Whitney U test.
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primary progressive, or secondary progressive), disease 
duration, disability level, and muscle strength. There 
were no significant differences in the mean pretreat-
ment MSQOL-54, TUG test, FSS, 2MWT, and 5MWT 
scores between the 2 groups (Table 1).

The 2MWT distance improved in both groups after 
the intervention (TABLE 2). At the first follow-up visit 
there was a 23.2% change (P = .003) in the TE group vs 
an 8.3% change (P = .12) in the E group. At the second 
follow-up visit the E group changed to –2.3% (P = .73). In 
week 4, the TE group maintained a significant improve-
ment (13.8%; P = .002) compared with baseline. As 
expected, all changes were significantly greater in the TE 
group than in the control group, as indicated by Cohen 
d values of 0.72 (P = .02) and 1.11 (P = .002), respectively, 
for the first and second follow-up visits. Both groups 
demonstrated a statistically significant decrease in 
5MWT time (relative to baseline: change of –13.6% in the 
TE group and –6.7% in the E group). However, the differ-
ence between the 2 groups was not significant (P = .08). 

Clinical improvement in the TE group reached 
changes of –8.9% compared to baseline at the second 
follow-up visit; and there was no significant improve-
ment (P = .15). In group E, an inverse trend was observed, 
and participants had higher 5MWT scores than at base-
line (3.3%; P = .90). After 1 month, the TE intervention 
was significantly superior to the control (P = .001). As 
a result, we can conclude that the TE intervention was 
more effective at both time points (Cohen d = 0.48 for the 
first follow-up and 0.45 for the second follow-up). The 
TUG test time was significantly better in the TE group 
than in the E group (–16.9% vs –8.5%), with a Cohen d 
of 0.58 and a P = .02 difference between the 2 groups. 
One month after the initial results, the improvement 
trajectory remained significant in the TE and E groups 
(changes of –9.6% and –3.4%, respectively). Within-
group improvements were also statistically significant; 
the TE intervention was superior (Cohen d = 0.90;  
P = .002). Finally, both groups had minor improvements 
in baseline FSS and MSQOL-54 scores after the sessions 
and 1 month later (TABLE S1).

The manual muscle test did not significantly improve 
(<5% within groups). Postintervention and 4-week  
follow-ups are depicted in FIGURE S2.

DISCUSSION
Multiple sclerosis is becoming more prevalent in Iran. 
Most people with MS are aged 20 to 50 years, and nearly 
two-thirds of them experience walking difficulties 
within 10 years of diagnosis.34 The development of vari-
ous rehabilitation techniques to reduce gait disturbance 
could be considered a critical public health priority. The 
purpose of this study was to evaluate the therapeutic 
effects of intermittent exercise alone and combined with 
electrical stimulation delivered via a 2-channel tDCS 
device and ensure that efficacy remained stable during 

a 1-month follow-up period. Current research has suc-
cessfully demonstrated an increase in walking capacity 
(2MWT, 5MWT, TUG test). However, combined therapy 
did not outperform exercise alone in terms of fatigue, 
muscle strength, or QOL. 

In the present trial, combining tDCS and exercise 
resulted in a more significant improvement in 2MWT, 
TUG test, and 5MWT values compared with exercise 
alone. Within 1 month of follow-up, this improvement 
remained relatively consistent. The present findings 
corroborate a recent study that suggested that combin-
ing multiple sessions of tDCS with exercise training can 
enhance the benefits of physical activity.23 The major 
difference is that the present study focused on consecu-
tive sessions over a shorter period vs nonconsecutive 
sessions over a more extended period.

Among the walking speed parameters, the 2MWT 
showed the most significant improvement. From the 
patient’s and therapist’s perspectives, the clinically 
significant values for the 2MWT were 9.6 m and 6.8 m, 
respectively (P < .05).35 In the present study, the TE group 
showed a clinical improvement of 10.6 m. 

Although a valid and reliable test in the MS popula-
tion, the TUG test results in this study are insufficiently 
sensitive to detect clinically significant changes after 
rehabilitation.36 In addition, there was little agreement 
among other studies regarding minimally important 
improvements to the 10MWT and 5MWT.37

Most patients reported only minor changes in QOL 
after the intervention. Most participants had mild to 
moderate disability: they were able to perform most 
activities independently but with some difficulty. This 
implies that rehabilitation affects the QOL of more 
severely disabled patients, particularly the mental QOL 
associated with emotional difficulties in daily life.38 
Although anodal tDCS stimulation of the primary motor 
cortex and the dorsolateral prefrontal cortex (DLPFC) 
both improve QOL, the effect of DLPFC stimulation is 
superior to that of primary motor cortex stimulation.39

Although previous research has demonstrated 
improved FSS scores after tDCS application, there were 
no significant differences between the present study 
groups. Previously published studies used different 
montages, such as the DLPFC, or compound montages 
that included primary motor cortex, DLPFC, and bilat-
eral cortical stimulation.39-41 This could account for 
the improvement in fatigue score. In addition, fatigue-
related MS is a multifaceted condition characterized by 
physical, cognitive, and psychosocial fatigue. The FSS, 
on the other hand, is a 1-dimensional questionnaire that 
assesses the severity of fatigue rather than the nature of 
the involvement.42

In the present study, the difference in muscle 
strength between the 2 groups was relatively similar. 
However, there is evidence to support the use of clinical 
strength assessment in the MS population,31 as specific 
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instruments, such as isokinetic dynamometers, can 
precisely measure mechanical muscle function.43 Most 
studies demonstrate that tDCS affects muscle strength 
by using such objective tools.44

As previously stated, the walking speed param-
eters improved after the intervention. Electrical stimu-
lation of the frontal and parietal cortex can generally 
increase walking speed, as suggested previously.45 Most  
trials have demonstrated that tDCS has both immediate 
and long-term beneficial effects on motor function.46 
However, the magnitude of the effect may be influenced 
by many technical variants, including differences in 
current densities, electrode sizes, and extracephalic  
montage for the reference electrode. 

One possible explanation for the present study’s 
improvement in walking speed is that anodal stimula-
tion was applied over the primary motor cortex and the 
cathode electrode was placed on the shoulder. By avoid-
ing the cathodal counter effect on the right prefrontal 
cortex, this montage increased cortical excitability.26 In 
addition, receiving transcranial electrical stimulation 
simultaneously with training can enhance the effect of 
exercise and improve functional ambulation.

The present study’s strength is that it examines 
an affordable combination therapy for rehabilitat-
ing patients with MS who have difficulty walking. 
Moreover, scheduling the sessions in nonconsecutive 
order and extending them to 6 weeks was feasible and 
tolerable. As a result, patient compliance was increased, 
and they were motivated to adhere to protocols on a 
consistent and prolonged basis.

Limitations of the Study
This study had several limitations. One limitation 
of any study of MS is the disease’s dynamic nature, 
which can be influenced by various factors, includ-
ing changes in mood, temperature, and seasonal 
climate. Another limitation is the high cost of the 
objective tests used to analyze movement. Finally, the 
use of more precise parameters or larger sample sizes 
could have resulted in more accurate data. Long-term 

follow-up is necessary to determine the persistence of 
the effects of such interventions.

Conclusions
Intermittent use of tDCS and exercise programs can 
improve the walking speed of individuals with MS. Both 
interventions seem to have comparable effects on muscle 
strength, fatigue, and overall QOL. The effectiveness of 
advanced neuromodulation technology shows that it can 
improve rehabilitation benefits. o
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