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Abstract

Background Multiple Sclerosis (MS) is an autoimmune disease associated with physical disability, psychological
impairment, and cognitive dysfunctions. Consequently, the disease burden is substantial, and treatment choices are
limited. In this randomized, double-blind study, we conducted repeated prefrontal electrical stimulation in 40 patients
with MS to evaluate mental health variables (quality of life, sleep difficulties, psychological distress) and cognitive
dysfunctions (psychomotor speed, working memory, attention/vigilance), marking it as the third largest sample size
tDCS research conducted in MS to date.

Methods The patients were randomly assigned (block randomization method) to two groups of sham (n=20), or 1.5-
mA (n=20) transcranial direct current stimulation (tDCS) targeting the left dorsolateral prefrontal cortex (F3) and right
frontopolar cortex (Fp2) with anodal and cathodal stimulation respectively (electrode size: 25 cm?). The treatment
included 10 sessions of 20 min of stimulation delivered every other day. Outcome measures were MS quality of life,
sleep quality, psychological distress, and performance on a neuropsychological test battery dedicated to cognitive
dysfunctions in MS (psychomotor speed, working memory, and attention). All outcome measures were evaluated

at the pre-intervention and post-intervention assessments. Both patients and technicians delivering the stimulation
were unaware of the type of stimulation being used.

Results Repeated prefrontal real tDCS significantly improved quality of life and reduced sleep difficulties and
psychological distress compared to the sham group. It, furthermore, improved psychomotor speed, attention,
and vigilance compared to the sham protocol. Improvement in mental health outcome variables and cognitive
outperformance were interrelated and could predict each other.

*Correspondence:

Sajjad Basharpoor
basharpoor_sajjad@uma.ac.ir
Mohammad Ali Salehinejad
salehinejad@ifado.de

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-1913-4677
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-05638-1&domain=pdf&date_stamp=2024-9-12

Zakibakhsh et al. Journal of Translational Medicine (2024) 22:843

Page 2 of 15

Conclusions Repeated prefrontal and frontopolar tDCS ameliorates secondary clinical symptoms related to mental
health and results in beneficial cognitive effects in patients with MS. These results support applying prefrontal tDCS in
larger trials for improving mental health and cognitive dysfunctions in MS.

Trial registration ClinicalTrials.gov Identifier: NCT06401928.

Keywords Multiple sclerosis, Transcranial direct current stimulation, Mental health, Cognitive deficits, Quality of life,

Prefrontal tDCS

Introduction

Multiple Sclerosis (MS) is the most common autoim-
mune disorder of the central nervous system, afflict-
ing more than 2.5 million people worldwide, especially
young people [1, 2]. It is a progressive chronic disease,
caused by an autoimmune attack, which results in the
gradual loss of the myelin sheath around neuronal axons
of the central nervous system. Depending on the affected
neurons, different symptoms are expressed in the course
of the disease; nonetheless, physical disability, cognitive
impairment, and decreased quality of life are common in
MS [3]. MS results in motor, sensory, cognitive, and neu-
ropsychiatric symptoms, all of which can occur indepen-
dently of one another [4]. The disease is associated with
a high mental health burden due to primary symptoms
of sensory and motor deficits. Some of the most com-
mon symptoms include fatigue, vision problems, numb-
ness and tingling, muscle spasms, stiffness and weakness,
mobility problems, and pain [2, 5].

In addition to primary symptoms, individuals with MS
also experience mental health challenges, affecting qual-
ity of life, sleep, and emotional disturbances [6-8]. Cog-
nitive deficits are also commonly observed symptoms in
MS and include deficits in attention and vigilance, infor-
mation processing, executive functioning, processing
speed, and long-term memory [4] with a profound effect
on activities of daily living [9]. Both primary and second-
ary symptoms can vary in severity and may come and go,
depending on disease activity, progression, and the type
of MS, which include relapsing-remitting, or chronic-
progressive types [8, 10]. Individuals with MS need to
work closely with healthcare professionals to manage
their symptoms and improve their quality of life. Consid-
ering the burden of treatment [11], the complex patho-
physiology and psychophysiology, and limited treatment
options for secondary symptoms (e.g., physical therapy,
psychotherapy, cognitive rehabilitation) [3], there is a
need for novel and effective treatment for both primary
and secondary symptoms in MS.

Transcranial direct current stimulation (tDCS) is a safe
and easy-to-use noninvasive brain stimulation (NIBS)
intervention for studying and modifying human brain
functions [12, 13] and immune-related neurotrans-
mitters like dopamine [14, 15]. In mental health set-
tings, tDCS has advantages over other NIBS methods,

including affordability, fewer side effects, and suitability
for home use and remote control. It involves applying a
low-intensity direct current to the scalp, which induces
alterations of the resting membrane potential of neurons.
At the macroscale level, anodal stimulation depolar-
izes neurons at a subthreshold level, making them more
likely to fire action potentials, while cathodal stimula-
tion hyperpolarizes neurons, reducing their excitability
[16, 17]. By modulating cortical excitability parameters
(e.g., cortical inhibition and facilitation) and inducing
neuroplasticity effects, it is possible to restore functional
brain abnormalities and affect target behavior/cognition.
Previous studies have shown functional brain abnormali-
ties in MS that are also related to secondary symptoms
in MS [18, 19]. These abnormalities can take many differ-
ent forms, such as altered brain activity, neural network
disturbances, and compromised cognitive functions. Key
elements of functional brain impairments in MS include
changes in pain processing pathways as well as alterations
of brain regions involved in the regulation of mood and
arousal, including the limbic system, hypothalamus, and
motor regions [20-22]. Furthermore, there is growing
evidence of grey matter changes in MS that are linked to
disability and other clinical symptoms in these patients
[23, 24].

Previous tDCS studies in MS have mostly focused on
examining the efficacy of prefrontal and motor cortices
stimulation on clinical symptoms (e.g., fatigue, pain),
motor symptoms, and cognitive deficits [25—28]. There is
inconsistency in the studies results regarding the cogni-
tive effects of NIBS, including tDCS, on MS patients. In
addition to cognitive and motor symptoms, MS patients
often experience other mental health issues that are less
frequently addressed in tDCS and NIBS studies. While
there have been some studies on the effects of tDCS on
mental health-related variables, such as quality of life
[29], sleep [30], and emotional difficulties [31], there is
still a lack of research on the impact of tDCS on both
mental health-related variables and cognitive perfor-
mance in patients with MS. Accordingly, the purpose of
this randomized, sham-controlled study with a parallel-
group design is to address this research gap by examining
[1] the effects of repeated prefrontal-frontopolar tDCS
on mental health variables (i.e., quality of life, sleep dif-
ficulties, psychological distress) in MS patients [2], the
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impact of repeated prefrontal-frontopolar tDCS on their
cognitive performance, and [3] the association between
these two sets of secondary symptoms.

Methods

Participants

Eighty MS patients from the local MS community (Rasht,
Iran) were screened for inclusion in the study. The inclu-
sion criteria were: [1] diagnosis of MS according to the
Diagnostic criteria for multiple sclerosis: 2010 Revisions
of the McDonald criteria (Polman et al., 2011), certi-
fied by a professional neurologist [2], being 25-55 years
old [3], being non-smoker [4], no previous history of
neurological diseases, brain surgery, epilepsy, seizures,
brain damage, head injury, or metal brain implants [5],
absence of other psychiatric disorders except mood and
anxiety disorders, and [6] no relapse of MS symptoms
within the last two months before beginning the experi-
ment. Of those who met the inclusion criteria (7=60),
forty patients were randomly assigned to the experimen-
tal (active tDCS) and control (sham tDCS) groups based
on a sample size analysis (f=0.30, «=0.05, power=0.95,
mixed-model ANOVA for 2 groups with 2 measure-
ments) which resulted in a sample size of 40 patients. This
sample size is larger than 94% of tDCS studies reported
in recent metaanalyss and review studies [26, 32]. For the
group assignment of the participants, block randomiza-
tion method was applied. Three patients decided to with-
draw from the study following the first session and thus
the final analysis was conducted on 37 patients (mean

Table 1 Demographic data
Active tDCS Sham tDCS p-value*

Sample size (n) 19 18

Age- M (SD) 36.89 (641) 37.72(6.15) 0.691
Sex — Male (female) 4(15) 6(12) 0401
Marital Status — Single (married) 9 (10) 7(11) 0.603
OAID yes (No) 4(15) 1017) 0.340
Family history- yes (No) 9(10) 6(12) 0.508
Duration of disease 0.078
1-10 years 14 7

11-20 years 4 10

More than 20 years 1 1

Type of MS 0.285
@S 3 5

RR 14 13

SR 2 0

Type of medications 10 (7) 12 (5) 0.663

IS (IM)

Note tDCS=transcranial Direct Current Stimulation; M=Mean; SD=standard
deviation; OAID=other autoimmune disease; CIS=clinically isolated syndrome;
RR=relapsing-remitting multiple sclerosis; SP=secondary progressive multiple
sclerosis; IS=immunosuppressant drug; IM=immunomodulatory drug; *
= between-group differences in demographic variables were explored by
Chi-square tests or Fisher’s exact test for categorical variables and F-tests for
continuous variables
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age=37.30, SD=6.21, 27 females, 10 males) (see Table 1;
Fig. 1 for demographics and study inclusion). This is a
retrospectively registered clinical trial (ClinicalTrials.
gov Identifier: NCT06401928) approved by the Ethics
Committee of the Mohaghegh Ardabili University (Eth-
ics code: IRRMAU.REC.1401.94). Participants gave their
written informed consent before participation.

Measures

Mental health assessments

The primary outcome measures of the study included
quality of life, sleep difficulties, and psychological distress
that were measured with the Multiple Sclerosis Impact
Scale (MSIS-29) [33], the Mini Sleep Questionnaire
(MSQ) [34], and the Depression Anxiety Stress Scale-21
(DASS-21) [35] respectively. The MSIS-29 is a measure
of the physical and psychological impact of MS from the
patients’ perspective consisting of 29 questions with the
first 20 items focusing on the physical impact and the
remaining 9 on the psychological impact. The Mini Sleep
Questionnaire (MSQ) is typically used to screen sleep
disturbances in clinical populations, and the DASS-21
is a 21-item self-report measure designed to assess the
severity of general psychological distress and symptoms
related to depression, anxiety, and stress in adults and
older adolescents (+17 years). Details about these mea-
sures and their psychometric properties can be found in
the supplementary information. A native-language ver-
sion of each test was used in this study [36—-38].

Cognitive performance

In addition to mental health-related outcome variables,
we assessed the neuropsychological performance and
cognitive functioning of the MS patients with several
subtests of a neuropsychological battery designed for MS
patients using the Cambridge Cognition Neuropsycho-
logical Battery (CANTAB). The battery included 3 com-
puterized tests to measure psychomotor speed, working
memory and sustained attention/vigilance via the Reac-
tion Time (RTI), Spatial Working Memory (SWM) and
Rapid Visual Information Processing (RVP) tests respec-
tively. The tests included in this battery are highly sensi-
tive to cognitive impairments in MS across the disease
severity spectrum [39]. Details about these measures are
available in the supplementary information.

tDCS

We used a two-channel Neurostim stimulator device
(MadinaTeb, Tehran, Iran) powered by a 9-volt alkaline
battery. Electrical current was applied through a pair
of rubber electrodes placed in saline-soaked sponge
(5%5 cm) for a period of 20 min (with 30 s ramping
up and 30 s ramping down) and a stimulation inten-
sity of 1.5 mA (current density of 0.06 mA/cm?). The
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Enrollment

Assessed for eligibility (n=60)

Excluded (n=20)

Not meeting inclusion criteria (n=20)
> Declined to participate (n=0)
Other reasons (n=0)

Randomized (n=40)

Allocation
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v

1.5 mA (n=20)
Excluded from analysis (n=1)
Received allocated intervention (n=19)

sham (n=20)
Excluded from analysis (n=2)
Received allocated intervention (n=18)

analysed

\ J

Analysed (n=19)
Excluded from analysis (n=0)

}

Analysed (n=18)
Excluded from analysis (n=0)

Fig. 1 The CONSORT Flow Diagram outlining the study’s inclusion procedures. Thirty-seven patients completed all post-intervention CANTAB subtests,

while five did not attend the mental health assessment

intervention was conducted by a trained tDCS operator
and impedance was monitored and kept below to ensure
patients’ tolerability and consistent current flow in each
session. We had two stimulation conditions: active and
sham tDCS. In the active condition, the anodal electrode
was placed over the left dorsolateral prefrontal cortex
(left DLPFC) over the F3 electrode position according
to the 10-20 EEG International System and the cathodal
electrode was placed over the right frontopolar cortex
(FPC) (electrode position Fp2) which includes orbito-
frontal cortex (BA 10, 11) [40, 41], fixed with headbands.
Both electrodes were positioned longitudinally along the
medio-lateral axis of the target regions. To reduce shunt-
ing of current between the electrodes through the scalp,
the edges had a distance of at least 6 cm. In the sham
condition, a sham stimulation was employed with the
same electrode configuration. Here, the electrical current
was ramped up for 30 s followed by 30 s of stimulation
and 30 s of ramping down to generate the same sensation
as the active condition, and then was turned off with-
out the participants’ knowledge. This method of sham
stimulation has been proven reliable [42]. A survey was

conducted after each session to document any reported
side effects, but blinding efficacy (asking participants to
guess about the type of stimulation) was not explored
due to the multi-session design of the study. This aimed
to prevent participants’ bias from habituation to tDCS-
induced sensations over multiple sessions. After final-
izing the study protocol, the patients in the sham group
were assigned to active tDCS intervention, but the latter
procedure was beyond the focus of the study protocol.

Procedure

Prior to the experiment, participants completed a brief
questionnaire to evaluate their suitability for brain stim-
ulation. Participants were instructed to prevent from
caffein, nicotine, alcohol consumption and intensive
physical activity before attending each stimulation ses-
sion. The active tDCS and sham groups received 10 ses-
sions of stimulation (three sessions per week, resulting
in a total of three weeks plus an additional day) with
24-hour between-session intervals (except for the 4th
and 8th sessions that had 48-h interval due to the week-
end). Outcome measures (mental health and cognitive
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assessment) were evaluated before the first tDCS ses-
sion (pre-intervention), and right after the end of the
last tDCS session (post-intervention). All tDCS sessions
were scheduled between 2:00 and 5:00 p.m. and patients
were monitored for sleep pressure to mitigate a poten-
tial impact of circadian variation on cortical excitability
and neuroplasticity induction for all participants across
all sessions [43, 44]. All sessions were conducted in the
MS clinical neuroscience private clinic (Rasht, Iran) in a
dedicated space for research. Before starting the experi-
ment, the participants were given instructions about the
cognitive tasks. Each stimulation session took about 40
min (preparation, stimulation, wrapping up time). The
measurement sessions before the intervention and after
the intervention took about 2 h. Each session was con-
ducted on two separate days to prevent fatigue. The first

®

Population

Mean: 37.30
MS based on McDonald criteria

1-Multiple sclerosis impact scale (MSIS-29)
2-Depression, Anxiety, stress scale(DASS-21)
3- Mini sleep questionnaire (MSQ)
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day was dedicated to clinical assessment (quality of life,
sleep, psychological distress), and the second day for cog-
nitive assessment (psychomotor speed, working memory,
attention/vigilance) (see Fig. 2). Both participants and
experimenter were blinded. To maintain a double-blind
design, a separate investigator prepared the device, while
a technician unaware of the stimulation type (sham vs.
real) and group assignment administered the stimulation.
An independent researcher, blind to stimulation condi-
tions and group assignment, evaluated the outcome mea-
sures, performed data analysis, and determined group
assignments.

Statistical analysis
Data were analyzed with the statistical package SPSS, ver-
sion 27.0 (IBM, SPSS, Inc., Chicago, IL). The normality

Intervention

37 randomized Groups

Yy
3 k 1.5mA
| 10 session of stimulation
| 3sessionsinawesk 4wesks intotal) with Sham
\248-hour intenvals

1-CANTAB reaction time subtest
| 2-CANTAB spatial working memory subtest
i 3-CANTAB rapid visual information processing speed subtest

~e Pre

anodal F3- cathodal Fp2
electrode size 5 x 5 (adult)

08

Electrical Field (Vim)

Fig. 2 (A) This study was a randomized, double-blind trial. Participants were randomly assigned into two groups: active tDCS and sham tDCS. Both
groups underwent pre- and post-intervention assessment of mental health-related variables and cognitive performance with the Cambridge Neuropsy-
chological Test Automated Battery (CANTAB), MS battery. The anodal electrode was positioned over the left dorsolateral prefrontal cortex (DLPFC-F3),
while the cathode was placed over the right frontopolar cortex (Fp2). (B) 3D models were utilized to examine the flow of electrical current in the brain
following the specified protocol. The MR image was segmented into six tissue types: gray matter (GM), white matter (WM), CSF, skull, scalp, and air cavities
using SPM8 from the Welcome Trust Center for Neuroimaging, London, UK, with an enhanced tissue probability map. The segmented images were used
to create a 3D model with Simpleware software version 5 from Synopsys, Mountain View, CA, incorporating the electrodes and saline-soaked sponges.
The distribution of current flow within the brain was then computed using the finite element method in COMSOL Multiphysics software version 5.2 from
COMSOL Inc,, Burlington, MA. The electric fields were visualized for stimulation intensities of 2.0 mA with an F3 anodal-Fp2 cathodal montage. note: This
model illustrates the current flow for 2 mA tDCS for illustrative purposes. The induced electric field of 1.5 mA differs from the 2 mA field



Zakibakhsh et al. Journal of Translational Medicine (2024) 22:843

and homogeneity of data variance were confirmed by
Shapiro-Wilk and Levin tests, respectively. Mixed model
ANOVAs were conducted for the dependent variables
(MSIS, DASS, MSQ scores; psychomotor speed, work-
ing memory and attention tasks) with “group” (active vs.
sham) as the between-subject and time (pre-intervention,
post-intervention) as the within-subject factors. Mauch-
ly’s test was used to evaluate sphericity of the data before
performing the respective ANOVAs (p<0.05). In case
of violation, degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity. Post hoc
comparisons were conducted with Fisher’s LSD post-hoc
tests for individual mean difference comparisons across
groups (active 1.5 mA, sham) and time points (pre-inter-
vention, post-intervention). Pearson’s correlation and
exploratory linear regression analyses were also calcu-
lated to explore potential associations between mental
health-related variables and cognitive performance. Data
analysis was conducted on all randomized patients who
completed the pre-and post-intervention assessments
without regard to adherence to their randomization
assignment. The critical level of significance was 0.05 for
all statistical analyses.

Results

Data overview

Demographic information is summarized in Table 1.
Patients tolerated the stimulation well and no adverse
effects were reported during and after stimulation. No
significant difference was found between the group rat-
ings of tDCS side effects except for the burning sensa-
tion (p=0.044) which was higher in the active group
(Table 2). The burning sensation, however, did not
correlate with any outcome measure. No significant
between-group differences were observed for baseline
measurements of outcome variables except for mean
latency of RVP (Table 3 All patients completed the post-
intervention cognitive assessment (n=37), but five did
not finish the mental health assessment sessions (n=32).

Table 2 Means and SDs of reported tDCS side effects
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Efficacy of tDCS on quality of life, sleep quality, and
psychological distress

The results of the 2 (group) x 2 (time: pre, post) mixed
model ANOVA showed a significant main effect of
time (F;=7.94, p=0.008, #p2=0.21) and a significant
groupxtime interaction (F;=9.98, p=0.004, yp2=0.25)
but no main effect of group (F;=0.94, p=0.338) on qual-
ity of life scores measured by the MSIS-29. Fisher’s LSD
post-hoc tests showed a significant increase in quality
of life scores in patients with MS who received active
tDCS after the intervention compared to pre-interven-
tion (¢t=4.74, p<0.001). When compared to the sham
group, active tDCS significantly improved quality of life
scores after the intervention (¢=4,93, p<0.001). Baseline
between-group comparisons (active groups vs. sham)
showed no significant differences in the pre-intervention
scores (Fig. 3A, B, Table S1).

With respect to the sleep quality scores measured by
the MSQ, the results of a 2x2 mixed model ANOVA
showed a significant main effect of time (F;;,=30.598,
»<0.001, #p2=0.505) and a significant groupxtime inter-
action (F; 3,=37.314, p<0.001, #p2=0.554) but no main
effect of group (F; ;,=1.065, p=0.31). Fisher’s LSD post-
hoc tests showed a significant improvement of sleep
quality scores only in patients with MS that received
active tDCS after the intervention compared to pre-
intervention (1, seep =4-50, p<0.001, £;550010 =448,
P<0.001, ty)ersomnia =3-29, p<0.001) but not in the sham
group. When compared to the sham group, the active
tDCS group significantly improved with respect to the
sleep total score (¢=3.38, p=0.001), insomnia (¢=2.90,
p=0.005) and hypersomnia (¢=2.82, p=0.006). Base-
line between-group comparisons were not significant
(p>0.05) (Fig. 3C-H).

For psychological distress, a 3 (domain: depression,
anxiety, stress) X 2 (time: pre, post) X 2 (group) mixed
model ANOVA was conducted. The results showed
significant main effects of time (F,;=6.13, p=0.019,
#p2=0.17), domain (F,,=15.608, p<0.001, #p2=0.342)
and a significant groupxtime interaction (F;3,=23.505,
p<0.001, #p2=0.439). The main effect of group, and the

active tDCS Sham tDCS t df p-value*
M(SD) M(SD)
Reported side effect Skin redness 0.32(1.003) 0.11(0.32) 0.84 21.88 0.408

Sleep problem 0.32(1.15) 0.0 (0.0) 1.18 18.00 0.25
Fatigue 0.26 (1.14) 0.11(047) 0.53 2417 0.599
Pain 0.21 (0.53) 0.17 (0.38) 0.28 32.64 0.775
Burning 1.32(1.63) 0.44 (0.705) 2.12 24.74 0.044
Itching 0.84 (1.25) 0.56 (0.85) 0.81 31.82 0422
Tingling 1.05 (1.35) 1(0.907) 0.14 31.60 0.890

Values are presented as meanststandard deviation (SD). Note: each value represents the average of side effects reported during all 10 tDCS sessions.
tDCS=transcranial Direct Current Stimulation; M=Mean; SD=Standard Deviation; * = between-group differences of side effect items were explored by independent

samples t-tests. Significant results are highlighted (p<0.05) in bold
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Table 3 Means and SDs of outcome variables before and after the tDCS
Measure Outcome variable Time active tDCS sham tDCS p-value
M (SD) M (SD)
quality of life (MSIS) Score Pre-intervention 51.20(19.19) 5141 (13.94) 0.972
Post-intervention 4193 (11.74) 51.94 (16)
DASS Depression Pre-intervention 3.73(2.34) 6.11 (6.14) 0.168
Post-intervention 2.06 (2.25) 6.76 (641)
Anxiety Pre-intervention 3(1.73) 3.64 (4.10) 0.575
Post-intervention 1.60 (1.88) 4 (4.54)
Stress Pre-intervention 6.73(2.81) 7.58 (4.89) 0.575
Post-intervention 453 (3.64) 8.29 (5.35)
Sleep Total score Pre-intervention 13.20 (4.37) 11.29 (3.78) 0.197
Post-intervention 7.26 (1.62) 11.58 (3.90)
Insomnia Pre-intervention 6.46 (2.79) 517 (1.55) 0.112
Post-intervention 3.46(0.83) 5.35(1.65)
Oversleep Pre-intervention 6.73(2.52) 10271 0513
Post-intervention 3.80(1.08) 6.23 (2.88)
RTI 5-choice movement time Pre-intervention 1491.37 (313.24) 1384.99 (448.08) 0406
Post-intervention 825.54 (294.49) 1294.09 (404.63)
5-choice reaction time Pre-intervention 967.30 (415.51) 987.08 (346.31) 0.876
Post-intervention 779.37 (392.55) 1037.36 (338.37)
Simple movement time Pre-intervention 5(208.95) 626.94 (226.50) 0.247
Post-intervention 44867 (157.16) 638.68 (191.55)
Simple reaction time Pre-intervention 45759 (101.29) 428.05 (112.48) 0.406
Post-intervention 273.69 (86.51) 4504 (102.97)
SWM Strategy Pre-intervention 1.947 (5.83) 32.44 (5.90) 0.798
Post-intervention 30.526 (6.73) 33.27 (5.53)
Total error Pre-intervention 28.84 (23.59) 2511 (24.83) 0.642
Post-intervention 1547 (12.23) 19.94 (10.87)
RVP Hits Pre-intervention 14.947 (4.08) 15.27 (4.05) 0.807
Post-intervention 18.736 (3.61) 14.38 (4.13)
Mean latency Pre-intervention 837.90 (88.39) 470.72 (127.81) <0.001
Post-intervention 53833 (114.37) 480.73 (149.82)

Note tDCS=transcranial Direct Current Stimulation; M=Mean; SD=Standard Deviation; MSIS=Multiple Sclerosis Impact Scale (quality of life); DASS=Depression,
Anxiety, Stress Scale; MSQ=Mini Sleep Questionnaire; RTI=Reaction time test; SWM=Spatial Working Memory; RVP=Visual Information Processing; p values refer to
baseline (pre-intervention) measurement comparisons using ANOVA tests

domainxtime, domainxgroup and domainxgroupxtime
interactions were not significant (Table S1). Fisher’s LSD
post-hoc tests showed a significant decrease in the DASS
total score only in patients with MS who received active
tDCS after the intervention compared to pre-interven-
tion (¢=2.46, p=0.020) but not in the sham group. Com-
pared to the sham group, the active tDCS group showed
significantly reduced psychological distress (£ ession
=2.73, p=0.008, £, =1.99, df=30, p=0.050, £, =2.43,
p=0.017) after the intervention. Baseline between-group
comparisons (active groups vs. sham) showed no signifi-
cant differences in the pre-intervention scores (p>0.05)
(Fig. 3M-P).

Efficacy of tDCS on cognitive functions in MS patients
Psychomotor speed

Psychomotor speed was evaluated with the RTI task. A
significant main effect of time (F;;:=127.32, p<0.001,

yp2=0.784) and a significant groupxtime interaction
(F; 35=73.491, p<0.001, #p2=0.677), but no main effect of
group was found for the 5-choice movement time. A sim-
ilar significant main effect of time (F, 3,=11.684, p=0.002,
yp2=0.25) and a significant groupxtime interaction
(F} 35=34.992, p<0.001, #p2=0.50), but a non-significant
main effect of group was found for the 5-choice reac-
tion time (Table S1). Fisher’s LSD post-hoc tests revealed
a significantly faster movement time in patients who
received active tDCS after the intervention compared to
pre-intervention (¢=5.56, p<0.001). Additionally, in the
post-intervention condition, movement time was signifi-
cantly shorter in the active group compared to the sham
tDCS group (¢=3.86, p<0.001). For reaction time, neither
group responded faster after intervention as compared to
the pre-intervention condition. However, performance
after intervention was significantly faster in the active vs.
sham group (£=2.08, p=0.043). Baseline between-group
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comparisons were not significant in both outcome vari-
ables (p>0.05) (Fig. 4A-H).

Other outcome variables of interest in the RTI task
were simple-choice movement time and reaction time.
Here, the results of the mixed model ANOVA revealed
a significant main effect of time (F; ;,=17.476, p<0.001,
yp2=0.333) and a significant groupxtime interac-
tion (F;35=20.905, p<0.001, #p2=0.374) but no main
effect of group on movement time, and significant main
effects of time (F, 3,=24.729, p<0.001, #p2=0.414) and
group (F;3:=6.439, p=0.016, #p2=0.155) and interac-
tion between both variables (F;;=40.317, p<0.001,
np2=0.535) for the reaction time. Fisher’s LSD post-hoc
tests showed significantly faster movement and reaction
times in the psychomotor speed task in patients who
received active tDCS after the intervention compared
to pre-intervention (¢=4.09, p<0.001; ¢=5.60, p<0.001).

Both movement and reaction times in the psychomotor
speed task after intervention were significantly faster in
the active tDCS compared to the sham group (¢=2.92,
p=0.004; ¢=5.31, p<0.001). Baseline between-group
comparisons were not significant for both outcome vari-
ables (p>0.05) (Fig. 4A-H).

Working memory

Here strategy scores and total errors were analyzed.
For the strategy scores, the results of the mixed model
ANOVA showed no significant main effects of time,
group, or their interaction (Table S1). For the total errors,
however, a significant main effect of time (F;;=9.081,
p=0.005, yp2=0.206) but no main effect of group or the
groupxtime interaction was observed. Accordingly, no
post hoc tests were conducted for errors (Fig. 4- I-L).
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Attention and vigilance

The results of the mixed model ANOVA showed a sig-
nificant main effect of time (F;;:=17.97, p<0.001,
yp2=0.337) and a significant groupxtime interaction
(F; 35=46.299, p<0.001, #p2=0.569) but no main effect of
group (F; 35=2.53, p=0.120) on hits (accurate responses).
Patients who received active tDCS had a significantly
higher number of hits after intervention vs. pre-inter-
vention (¢=2.96, p=0.004), and the number of hits was
also significantly higher in the real intervention than the
number of hits in those who received sham tDCS after
intervention (£=2.79, p=0.006). Similarly, significant
main effects of time (F; ;5=211.259, p<0.001, #p2=0.858),
group (F; 3,=30.05, p<0.001, #p2=0.462) and groupxtime
interaction (F; 35=241.50, p<0.001, #p2=0.873) emerged
for the mean reaction time. Fisher’s LSD post-hoc test
showed a faster reaction time after the intervention as

compared to the pre-intervention only in the active tDCS
group (£=7.28, p<0.001). Here, however, mean reaction
time at baseline was significantly different across groups,
but not after intervention (Fig. 4M-P).

Interplay between cognitive improvements and mental
health outcomes

To investigate the relationship between cognitive func-
tions and mental health outcomes, we performed a cor-
relational analysis followed by linear regression analyses.
We first calculated Pearson’s correlations between men-
tal health outcomes and cognitive task performance
after intervention. Enhanced quality of life was sig-
nificantly correlated with faster performance in the
psychomotor task ("s.poice — move—time=-0-383, p<0.05,
r5€hoice—reaction—time:'0‘4'81’ p<0‘01’ rsimple—move—time:'

0.587, p<0.01) and improved attention/vigilance (i.e.,
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higher performance accuracy) also showed negative
correlations with insomnia (r=-0.434, p<0.05), hyper-
somnia (r=-0.423, p<0.05), and overall sleep difficulties
(r=-0.478, p<0.01) (i.e., higher accuracy was associated
with lower sleep disturbances). Other significant correla-
tions are detailed in supplementary Table S2. Following
correlational analysis, multiple regression analyses were
conducted to see how changes in cognitive performance
predict mental health outcome variables and vice versa.
Briefly, improvements in psychomotor speed and atten-
tion/vigilance after the intervention significantly pre-
dicted better quality of life and sleep quality. In turn, a
higher quality of life predicted cognitive improvements
across all three domains, while attention and vigilance
were also influenced by sleep quality and psychologi-
cal distress (Fig. 5, supplementary Table S3). Due to the
relatively low sample size, these findings should be inter-
preted with caution.

Discussion

As a neuroinflammatory disease, MS impairs neuro-
nal efficacy and neuroplasticity. Non-pharmacological
approaches, such as non-invasive brain stimulation,
have the potential to enhance the outcomes of pharma-
cological and physical interventions in MS by enhancing
neuroplasticity and functional connectivity [45-47] and
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potentially have anti-inflammatory effects as observed
in several NIBS studies [48, 49], although the latter is
not completely clarified. In this randomized, double-
blind study, we investigated the effectiveness of repeated
prefrontal tDCS in enhancing mental health and cogni-
tive functions in MS patients to assess their impact and
potential associations between improvements. Patients
receiving real tDCS reported a significantly better qual-
ity of life and fewer sleep issues post-intervention, along
with lower psychological distress levels compared to the
sham group. Additionally, those treated with prefrontal
tDCS outperformed in a neuropsychological test bat-
tery assessing psychomotor speed, working memory, and
visual attention, areas often compromised in MS patients.

The use of tDCS to improve motor and/or cognitive
deficits in MS has been less common compared to other
neurological/psychiatric conditions. Moreover, results
have been mixed so far. While some studies showed
promising benefits in ameliorating fatigue, pain, and
cognitive symptoms, but inconsistent effects of tDCS on
motor symptoms [25, 26], others show a more promis-
ing effect on motor functions [27] which could partially
be due to heterogeneous protocols applied in these stud-
ies, but also different patient characteristics. This is the
first study that specifically investigated the efficacy of
tDCS on quality of life, mental health-related variables

mental health outcomes predicted by cognitive improvement
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Fig. 5 The relationship between cognitive improvement and mental health outcomes. (A) Results of multiple linear regressions predicting how en-
hanced cognitive performance forecasts improved mental health in MS patients. (B) Results of multiple linear regressions predicting how improved

mental health forecasts enhanced cognitive performance in MS patients
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and cognitive functioning of patients with MS. Our study
provides supportive evidence for the efficacy of tDCS in
improving quality of life and amelioration of psychologi-
cal and cognitive deficits in patients with MS. Here, the
applied protocol and proposed mechanisms of effects are
discussed.

Prefrontal tDCS for promoting mental health and
improving cognition in MS

Prefrontal NIBS, including tDCS, have been widely used
to enhance mental health and cognitive functions in
clinical populations [50-52]. In the same line, our find-
ings show that the intervention improved patients’ qual-
ity of life and reduced sleep difficulties, depression, and
anxiety. Sleep improvement after the active tDCS can be
explained by the more recently stressed role of the cor-
tico-thalamo-cortical feedback loop, which is a top-down
regulatory system related to cortical areas (e.g., PFC),
in regulating arousal and sleep [53]. Mood-alleviating
effects can be partially explained by enhanced cognitive
control as a result of tDCS over the DLPFC, which regu-
lates mood and valence of emotional experiences [54, 55].
Importantly, there is a link between the prefrontal cortex,
especially the DLPFC, the medial PFC, and the amygdala
network in MS patients who experience emotional dif-
ficulties [56], and reduced depression, anxiety, and dis-
tress following intervention might be explained via this
prefrontal-amygdala related emotion regulation. Briefly,
upregulating DLPFC activity can reduce amygdala activ-
ity [57], which is usually hyperactive during negative
emotional processing in MS [56]. This effect, coupled
with the functional connectivity-enhancing effect of
tDCS [58], may be a possible mechanism of action.

In addition to mental health-related variables, our
intervention aimed to improve cognitive deficits in MS
patients. The rationale behind the use of prefrontal tDCS
for enhancing cognition mostly comes from the involve-
ment of different regions of the prefrontal cortex in
various aspects of cognitive functions [52, 59, 60] which
seems to be at least partially applicable for MS. Cogni-
tive impairment in MS is the consequence of widespread
lesions in the brain and frequently includes deficits in
complex attention, efficiency of information processing,
executive functioning, processing speed, and long-term
memory [4, 18]. A recent large-scale neuroimaging study
demonstrated a causal link between MS pathophysiol-
ogy and various brain regions, including the frontal and
prefrontal cortices—particularly the orbitofrontal cor-
tex—and connected subcortical areas like the parahippo-
campal gyrus [23]. Our study applied tDCS over DLPFC
and right FPC which are important for cognitive deficits
in MS and improved psychomotor speed and attention/
vigilance. These findings align with extensive evidence
supporting pro-cognitive effects of prefrontal tDCS in
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neuropsychiatric disorders marked by executive and
cognitive deficits, including mood and anxiety disorders
[61, 62], obsessive-compulsive disorder [63, 64], schizo-
phrenia [65, 66], and substance use disorder [67, 68]. Pro-
cognitive effects have also been observed in neurological
disorders like Parkinson’s disease and stroke [69, 70] as
well as in major neurodevelopmental disorders such as
ADHD and autism [71-73].

Comparing our study’s findings with previous tDCS
studies in MS is also informative. Recent systematic
reviews and metanalyses of tDCS studies conducted in
MS show inconsistent results about the cognitive effects
of tDCS with some studies reporting clear benefits in
ameliorating cognitive symptoms [25], some partial
improvement in specific aspects of cognition (e.g., vigi-
lance) [27] and some with no strong evidence for effec-
tiveness of tDCS on cognition [26]. Studies with a focus
on cognitive functions have typically applied anodal
tDCS to the left DLPFC, using return electrodes on the
right DLPFC, right shoulder, or right supraorbital area,
with stimulation intensities ranging from 1.5 to 2 mA and
durations between 20 and 30 min [27]. Our study aimed
to shed light on the effects of tDCS on specific second-
ary deficits, but also on the interplay between cognitive
functions and mental health domains, both significantly
affected by MS but understudied in previous research.
Importantly, here we observed an interplay between
mental health outcomes and cognitive improvement,
indicating that the impaired domains of mental health
and cognitive deficits are interrelated in MS.

One consideration regarding the protocol in the pres-
ent study (anodal F3- cathodal Fp2) is the use of the
reference electrode over the right FPC instead of the
right DLPFC. The bilateral DLPFC protocol can also be
applied if cognitive functions are the main focus, as indi-
cated in previous tDCS studies in MS [27] and other
neuropsychiatric disorders [50, 74]. In this study, we also
aimed to explore the impact of the intervention on par-
ticipants’ emotional experiences. FPC, which includes
the orbitofrontal cortex [41], was selected over the right
DLPEC due to its significant role in emotional regula-
tion and direct connections with subcortical regions
[59]. The relative efficacy of DLPFC-FPC versus bilateral
DLPFC tDCS needs to be compared to determine which
is more effective in enhancing mental health and cogni-
tion-related variables. In this line, a more comprehensive
understanding of tDCS mechanisms can be achieved by
incorporating neurophysiological measures that assess
changes in cortical excitability (e.g., TMS paradigms)
[44], functional connectivity (e.g., EEG, fMRI), and bio-
markers related to inflammation (e.g., BDNF) and neu-
roplasticity (e.g., EEG, TMS-EEG) [75]. This data can
inform personalized treatment strategies and enhance
therapeutic outcomes for MS patients.
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tDCS broader application for mental health improvement
in MS

In addition to improving cognitive and mental health out-
comes for MS patients, tDCS can address a broader range
of emotional difficulties in more practical and feasible
contexts. It can specifically address mood dysregulation
and fatigue— two common issues in MS—making them
priority areas for tDCS and NIBS interventions. A large
body of tDCS studies have shown that consecutive appli-
cations of tDCS can improve depression [76-78] and
fatigue [79, 80] suggesting their use for promoting men-
tal health in MS patients. A key advantage of tDCS for
these issues is its suitability for home use in contrast to
modalities like transcranial magnetic stimulation. Recent
advancements in home-based applications of transcra-
nial electrical and alternating current stimulation sup-
port the safety and feasibility [81, 82] of tele-supervised
home-based tDCS for major depressive disorder [77, 83],
Alzheimer’s disease [84], and fatigue in MS patients [85].
This can have clinical implications for future applications
of tDCS in MS.

Limitations

We acknowledge that our study has some limitations.
Firstly, although the sample size of this study is larger
than the majority of the previous tDCS studies in MS [26,
27], it is still relatively small, and therefore, these find-
ings need to be confirmed in larger trials in the future.
Secondly, we did not measure outcome variables over a
reasonable follow-up period to determine how long the
observed effects lasted and the intervention was not
applied daily but every second or third day, which might
have limited efficacy. The double-blind procedure should
be implemented with allocation concealment and devices
featuring sham features for the experimenters, which was
not feasible in this study. Finally, we did not include any
physiological measures, which would have been informa-
tive to understand how brain functions and physiology
are affected by the intervention and how they align with
the behavioural results.

Conclusions

In conclusion, this study investigated how anodal and
cathodal tDCS targeting the left DLPFC and right FPC
affect quality of life, sleep difficulties, psychological dis-
tress, and cognitive functions in MS patients after 10
brain stimulation sessions. The group that received real
intervention vs. the placebo group, showed significant
improvement in quality of life, and reduced psychological
distress and sleep difficulties. These enhancements cor-
related with increased psychomotor speed and attention/
vigilance. Improvements in cognitive function and men-
tal health outcomes were interrelated. These findings sug-
gest that repeated DLPFC-FPC tDCS has the potential
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to be a safe and promising intervention for treating sec-
ondary symptoms (mental-health-related variables and
cognitive deficits) in patients with MS. Future studies are
recommended to include neurophysiological measures
alongside behavioral outcomes to enhance understanding
of tDCS mechanisms in MS and to provide a more com-
prehensive evaluation of tDCS efficacy.
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