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ARTICLE INFO ABSTRACT

Keywords: Background: A recent application of the GRADE guidelines indicated Faremus, a 5-day neuromodulation for 15
Non-invasive brain stimulation (NIBS) min per day via transcranial direct current stimulation (tDCS), as medium to highly recommendable for alle-
Fatigue

viating fatigue in multiple sclerosis (MS).

Methods: With this pilot study we aimed to evaluate the feasibility, acceptance, safety, and effectiveness of the
Faremus treatment carried out in a multicenter context. The Rome unit prepared the intervention, supplied the
personalized electrodes to the San Martino Hospital in Genova, where the neurological team enrolled the pop-
ulation of fatigued people with multiple sclerosis (PWwMS) and carried out the treatment.

Results: All 17 enrolled patients completed treatment, reporting optimal acceptance and safety when using
Faremus in the multicenter setting. The team involved, including neurologists, neurophysiopathology techni-
cians, engineers, physicists, and psychologists expressed high appreciation (average score 8 out of 10). The
treatment improved fatigue symptoms by an average of 27%, to levels comparable with previous studies.
Similarly, mild depressive symptoms improved by an average of 38%.

Conclusions: The Faremus personalized electroceutical intervention, a 5-day anodal tDCS over bilateral whole-
body somatosensory cortex with occipital cathode, is well accepted and can be applied feasibly, safely and
effectively in a multicenter setting, offering a reliable tool to relieve fatigue-related symptoms, thus supporting
the quality of life of fatigued people with MS. The present study lays a starting point for the involvement of
multiple MS units nationwide in offering therapeutic enrichment for their fatigued patients.

Transcranial electric stimulation (tES)
Neuromodulation

Personalization

Depression

1. Introduction demyelinating disease affecting the central nervous system. According
to the latest estimates by the Multiple Sclerosis International Federation,

1.1. Fatigue in multiple sclerosis the global prevalence of people with MS (pwMS) is around 2.8 million
(Walton et al., 2020), with a significant increase compared to 2008 (2.1

Multiple sclerosis (MS) is an autoimmune inflammatory million) and 2013 (2.3 million) surveys. MS has an age of onset between
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20 and 40 years, with a prevalence twice as high in females as in males,
and represents one of the primary causes of non-traumatic disability in
young adults (Compston and Coles, 2008).

Across clinical subtypes, MS most common clinical presentation
consists of neurological deficits occurring as a result of lesions in the
brain and/or spinal cord due to the autoreactive activity of immune cells
affecting the myelin that surrounds the axons. However, almost 80% of
individuals affected by MS complain about the symptom of fatigue
(Kesselring and Beer, 2005), defined as ‘a subjective lack of physical
and/or mental energy that is perceived by the individual or caregiver to
interfere with usual and desired activities’ (MSCfCP Guidelines, 1998).
Independently of their level of disability and disease progression, fatigue
represents one of the most disabling symptoms that impacts on daily
activities of more than half of the pwMS (Ayache and Chalah, 2017;
Bakshi, 2003; Giovannoni, 2006; Kesselring and Beer, 2005; Khan et al.,
2014). We commonly mark MS-associated fatigue as primary fatigue,
probably raising from a central pathological mechanism. In fact, its
nature is deemed multifactorial and depends on the interaction between
the nervous, immune and endocrine systems (Braley and Chervin, 2010;
Carver et al., 2024; Heesen et al., 2006; Kos et al., 2008; Téllez et al.,
2006; Wang and Kasper, 2014).

1.2. Personalized neuromodulation to relieve MS fatigue

A review of studies assessing both structural and functional aspects
associated with MS fatigue within the same individuals strongly suggests
that MS fatigue follows a functional rather than structural neural
alteration (Bertoli and Tecchio, 2020). Crucially, a relevant part of these
studies focuses on PwWMS exhibiting minimal disability levels and broad
fatigue range, pointing at a widespread alteration of neuronal electrical
activity within the sensorimotor network as one of the main features of
fatigue. Evidence on treatment efficacy in MS fatigue is controversial,
concerning non-specific interventions like physical exercise
(Latimer-Cheung et al., 2013; Motl and Sandroff, 2015) and pharma-
cological treatments (Nourbakhsh et al., 2021). Moreover, clinicians
often resort to prescribing off-label drugs such as amantadine, mod-
afinil, and amphetamine-like stimulants to mitigate this symptom with
the clear limitation that not all PWMS tolerate these drugs equally,
suffering from unpleasant side effects. In the absence of an effective
treatment for MS fatigue, the emergence of novel strategy interventions
capable of directly influencing the neuronal networks’ dynamics and
their excitability like neuromodulation techniques open to fruitful
therapeutic solutions (Akyuz et al., 2023; Ayache et al., 2022a; Ayache
and Chalah, 2018; Chalah et al., 2017; Fiene et al., 2018; Hanken et al.,
2016; Uygur-Kucukseymen et al., 2023).

Among non-invasive brain stimulation solutions, transcranial Direct
Current Stimulation (tDCS) has been promising, showcasing its suit-
ability for its user-friendly characteristics, cost-effectiveness, and mini-
mal side effects and displaying a clear efficacy advantage on repetitive
transcranial magnetic interventions (Uygur-Kucukseymen et al., 2023).

Our therapeutic tDCS neuromodulation strategy moves from the
observations of a framework of altered brain electrical activity in MS
fatigued individuals, where the primary motor cortex (M1) exhibits a
hyperexcitable profile (Yusuf and Koski, 2013) opposite to a depletion of
the primary somatosensory cortex (S1) activity (Tecchio et al., 2008)
coupled with alterations in functional connectivity between
temporo-parietal hemispheric homologs (Bertoli and Tecchio, 2020;
Buyukturkoglu et al., 2017; Cogliati Dezza et al., 2015), and an overall
functional reduction in connectivity between S1 and M1 (Dell’Acqua
et al., 2010; Padalino et al., 2021; Tecchio et al., 2008; Tomasevic et al.,
2013; Vecchio et al., 2017). Accordingly, the neuromodulation protocol
called Fatigue Relief in Multiple Sclerosis (Faremus) aims at supporting
the parieto-frontal functional connectivity by targeting S1 while care-
fully avoiding M1. Faremus consists of a 5-days stimulation, 15 min/day
and entails an anode electrode shaped on the individual patient’s brain
circumvolutions extracted from his/her brain magnetic resonance image
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(Regional Personalized Electrode, RePE) (Cancelli et al., 2015; Tecchio
etal., 2013), paired with a double area cathode centered on the occipital
region (Cancelli et al., 2018b; Tecchio et al., 2022, 2014). The clinical
efficacy of Faremus in specifically alleviating fatigue has been consis-
tently confirmed over time in several independent randomized
controlled trials (RCTs) with an overall effect size (ES) well above the
large effect threshold (Cancelli et al., 2018b; Tecchio et al., 2022, 2014).
Moreover, a recent quantitative review and meta-analysis (Gianni et al.,
2021) applied the GRADE (Grading of Recommendations, Assessment,
Development and Evaluation) classification criteria (Schiinemann et al.,
2013) to review RCTs using tDCS to alleviate symptoms stemming pri-
marily from neuronal electrical activity imbalances. Combining a
meta-analysis with substantial evidence of negligible side effects and a
user-friendly, cost-effective procedure, this review advanced a recom-
mendation level of Faremus ranging between moderate and high, paving
the way for a dialogue with relevant regulatory agencies for the inclu-
sion of tDCS treatments such as Faremus in the management of fatigue
symptom. To further extend its promising effectiveness against fatigue,
Faremus treatment was also evaluated in a home setting, following in-
ternational guidelines for the implementation of remotely controlled
and supervised neurostimulation protocols (Tecchio et al., 2022).
Administered through an ad-hoc adaptable helmet frame for precise
repositioning using a standardized procedure (Cancelli et al., 2018b),
home-based Faremus was well-received by PwMS. This positive
response was attributed not only to its safety and usability features but
also to its robust efficacy, evidenced by an effect size comparable to that
obtained in clinical settings.

1.3. Multicenter Faremus setup

The aim of this pilot study is to provide evidence in support of the
feasibility of Faremus treatment within a multicenter collaboration in
the national Italian territory. The collaboration involves remote
personalization of the RePE electrode based on a 3D-MRI procedure for
shaping and positioning, and delivery of the treatment at the MS unit in
the hospital where the patients are referred to. As an important part of
the protocol, especially for future developments, we will take into ac-
count the safety of the procedures, acceptance by all stakeholders
(PwMS, neurologists, neurophysiopathology technicians, engineers),
and intervention efficacy.

2. Materials and methods
2.1. Participants

We enrolled 17 PwWMS according to the diagnostic criteria outlined in
(Lublin et al., 2014; McDonald et al., 2001) with relapsing-remitting
(RRMS) clinical subtype. All PWMS underwent brain MRI for inclusio-
n/exclusion criteria, also used to tailor the regional personalized elec-
trode RePE. Given the Faremus intervention target on primary
somatosensory cortex, the inclusion criterion of experiencing physical
fatigue has been applied (modified Fatigue Impact Scale physical items,
mFIS_phys 14). Nevertheless, we subsequently updated the inclusion
criterion to the total mFIS score, which is a more robust global index
able to capture the impact of fatigue. The Multiple Sclerosis Council for
Clinical Practice and Guidelines recommends this scale, although there
is no consensus on the definition of cut-off scores (Larson, 2013). The
mFIS is a shorter version of the Fatigue Impact Scale, with 9 items for the
“physical” domain, 10 for the “cognitive” domain, and 2 for the “psy-
chosocial” domain. Each item consists of a statement about how fatigue
has impacted the above mentioned domains in the past 4 weeks and the
person is asked to rate it on a Likert scale from 1 (never) to 4 (almost
always). The total possible score is 84, with higher scores indicating a
greater impact on quality of life. The subscale score ranges are 0 —36 for
physical, 0 —40 for cognitive, and O - 8 for psychosocial domain. Typical
cut-off scores on total mFIS range from 30 to 40. exclusion criteria were:
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(a) assumption of symptomatic drugs for fatigue (suspended at least 3
months before inclusion in the study) and depression treatment; (b)
epilepsy or other central/peripheral nervous system comorbidities; and
(c) systemic conditions that may cause fatigue—assessed by clinical
examination and history collection: anaemia, pregnancy, infectious
diseases, hypo- or hyperthyroidism, cardiovascular disease, pulmonary
disease, renal disease, and hepatic disease. Aware of the strong corre-
lation between fatigue and depressive symptoms, we did not exclude
PwMS exhibiting depressive symptoms but only those who suffered by
severer levels treated by pharmacological treatment for depression.
Thus, for completeness of information, we also collected BDI before and
after treatment. The inventory consists of 21 items, each rated on a
4-point scale (0-3), which reflect various symptoms of depression.
Scores between 10 and 19, 20-30, >31 represent the ranges for mild,
moderate, and severe depression respectively (Kendall et al., 1987). BDI
has been deemed sensitive to changes in depression severity over time in
PwMS, making it useful for both diagnostic and monitoring purposes
(Minden et al., 2014). For the enrolled PWMS, we assessed disability
levels through the Expanded Disability Status Scale (EDSS) and collected
a detailed personal and clinical profile (Table 1).

2.2. Study design

The Ethics Committee of Liguria region (CER Liguria) approved the
protocol (n. 2919, 20/04/2016). All PWMS signed an informed consent
form before their recruitment. The planned study was a randomized
double-blind cross-over study with mFIS collection every 4 weeks up to
reaching baseline values before directing PWMS to the second block
(Cancelli et al., 2018b; Tecchio et al., 2014). According to the main aim
of the present pilot study, which is the multicenter Faremus protocol
setup and assessment of its feasibility and acceptance, we defined the
procedures and implemented all steps proposing it to PWMS enrolled
with eligibility criteria consistent with previous studies (Cancelli et al.,
2018b; Tecchio et al., 2022, 2014).

Feasibility was assessed by the number of PWMS who dropped out.
Safety was considered after adopting the international guidelines with
respect to the device, the setup and execution of the tDCS treatment. In
agreement with international regulatory indications (Fertonani et al.,
2015), we collected from the PwMS possible known side effects,
including discomfort during or after the treatment, skin redness or
tingling, headache, or nausea. Efficacy was assessed by fatigue levels
reduction as scored by mFIS and personal acceptance by a scoring be-
tween 0 and 10 the individual feeling of the treatment along the setting
up and the 5-days application.

2.3. Experimental procedure

Asrepresented in Fig. 1, after the patient’s enrolment, the Rome-CNR
Unit received the brain MR images collected at San Martino Hospital in
Genoa (1.5T General Electric Signa HDX 15.0 scanner). The Rome-CNR
unit shaped the bilateral whole body S1 electrode as a 2-cm-width band
fitting the personal cortical folding (RePE), keeping the electrode area to
35 cm2, via the computerized procedure detailed in (Cancelli et al.,
2018a) and briefly reported below. The personalized S1 was the anode
electrode, while the cathode (7 x 10 cmz) was centered on Oz according
to the EEG 10-20 system, with the longer side pointing in the left-right
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direction.

2.4. Shaping of the RePE electrode and information for placing it

We used off-line individual MRI to shape RePE via an ad-hoc
computerized procedure, while an ad-hoc developed adjustable helmet
frame was used to proper positioning in multisession treatments. As a
preliminary step, we manually traced the central sulcus on the standard
MNI152_T1_1 mm_brain MR template, selecting 123 points in the middle
of the pre- and post-central sulcus walls, one for each of the 123 sagittal
slices passing across the template central sulcus. These points span from
the Sylvian sulcus of the left hemisphere to the same sulcus of the right
hemisphere. The computerized process for shaping the personalized
RePE electrode from individual MRI consisted of the following steps.
Steps 1-7 were executed in Rome; Steps 8-10 in Genoa. 1. individual
scalp and brain tissues segmentation; 2a. normalization to standard
MNI152_T1_1 mm_brain template; 2b. storing of individual central sul-
cus identified points; 3. mapping of the 123 central sulcus points back to
the individual space using the inverted spatial normalization matrix; 4.
projecting the 123 central sulcus points onto the individual scalp
applying the minimal distance brain-scalp tissues for each point; 5.
projecting the scalp point to a plane; 6. RePE was designed starting from
the plane 123 points by AutoCAD software that gave the 2-cm width and
set to 35 cm? the area; 7. the shape of RePE was exported to the PDF
format, which also included a 10 cm scale. 8. printing the PDF document
maintaining the 1:1 dimensions (verifiable via the 10 cm scale) to be cut
into conductive silicon electrode. 9 and 10. To easily and quickly posi-
tion RePE over the scalp of each subject in a way that the electrode
would overlap her/his central sulcus (0.5 mm frontally, 1.5 posteriorly),
we developed an MRI-based procedure using external landmarks on the
subject’s scalp. We measured on the scalp surface segmented by the MRI
the distances between Nasion and the three points of the electrode: the
central point and right and left vertices of the frontal side of the RePE
(0.5 frontally to the scalp points obtained at step 4). The three distances
were included in the PDF document with the personalized S1 electrode
shape.

2.5. RePE electrode positioning and adaptable helmet frame

Upon receiving the PDF document, the technician in Genoa set the
circumference of the adaptable helmet frame for the patient and posi-
tioned it just above the ears using the nose pads as a reference for the
nasion. Thereafter, she/he placed the zero (0) of a flexible meter on the
nasion extending the meter along the line connecting nasion and inion.
According to the distances indicated in the PDF, once positioned the
central point of RePE along this line, she/he adjusted the RePE orien-
tation with respect to the left and right reference points. Holding the
electrode in its final position, the operator glued the electrode to two
velcro strips and attached them to the helmet. Finally, the operator took
out the helmet to put the gel on the electrodes and positioned the
adaptable helmet frame as described above. With the PwMS comfortably
seated in an armchair, the operator switched on the tDCS stimulator
(BrainSTIM, EMS srl, Bologna, Italy) with a constant current of 1.5 mA
delivered for 15 min, 5 consecutive days, in the Real condition and 30 s
for the Sham condition.

Table 1
MS patient demographic and clinical profile.
Sex Age DisDur EDSS mFIS mFIS_phys BDI
Mean/Median 14F/3M 52.62 16.5 2 37 21 10.5
SD/[Range] 6.55 10.3 [1-5.5] [20-80] 6.95 7.40

Clinical profile of the 17 PwMS involved in the study. M=male, F=female; Mean or Median in italics and standard deviations (SD) or range in squared parentheses of:
DisDur=disease duration (years); Scores of: EDSS=Expanded Disability Status Scale; Fatigue and depression scores at baseline: mFIS = total modified Fatigue Impact

scale and physical subscale (mFIS_phys), BDI=Beck Depression Inventory.
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Fig. 1. Visual representation of the multicenter Faremus treatment organization.
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Once the team at Genoa IRCCS San Martino Hospital enrolled the fatigued PWMS (A), they sent individual brain magnetic resonance imaging (MRI) scans and the
modified Fatigue Impact Scale (mFIS) to the Rome CNR partner (B). The CNR team processed the MRI data by extracting the cortical surface (C.1) and transforming it
to the standard Montreal Neurological Institute brain model, where the central sulcus was identified and stored (C.2). They then applied the inverse transformation
(C.3) to retrieve the individual central sulcus (C.4), projected it onto the scalp surface (C.5), and mapped it onto a plane to obtain a 35 cm? area surface (C.6), with the

borders printed in real dimensions (C.7).

The CNR team sent the Genoa IRCCS team an A4 paper containing the RePE electrode shape, a scale for checking dimensions, and three reference points with
distances from the Nasion to facilitate accurate positioning of the RePE on the PWMS head (D). The Genoa team called the PWMS, positioned the RePE precisely (E),
and secured it using Velcro strips on an adaptable helmet frame for home use over the next 5 days (F). Before and after the 5-day Faremus treatment, mFIS and Beck
Depression Inventory (BDI) data were collected and sent back to the Rome team (G).

2.6. Statistical analysis

Assumption of normality of mFIS and BDI scores was assessed by
visual inspection of Q-Q plots and Shapiro-Wilk tests. Statistical analyses
were conducted with R Statistical language (version 4.3.2; R Core Team,
2023) using parametric tests unless stated otherwise. We evaluated the
effects of the treatment on fatigue levels changes between post- and pre-
Faremus by using paired-samples t-test (or Wilcoxon two-sample paired
signed-rank test), and mFIS percentage change, i.e. pre- vs. post-
treatment difference normalized to the baseline level, in agreement
with the relevance of the identification of responders to tDCS treatments
as those changing more than 20% of the pre-treatment value (Ferrucci
et al., 2014; Lopez-Alonso et al., 2015; Saiote et al., 2014). A p-value of
0.05 was considered significant for all statistical analyses. We tested the
dimension of the efficacy as the effect size (ES) estimated by Cohen’s
d coefficient (Cohen, 2013) or a variant of the Cohen’s d for

non-parametric tests, i.e. rank-biserial r coefficient (Rosenthal, 1992).
For reference, a Cohen’s d = 0.2 indicates a small ES, 0.5 a medium ES
and 0.8 large ES (Sawilowsky, 2009). Rank biserial r coefficient can
range from —1 to 1 with the sign indicating the direction of the effect. |r|
=0.1 indicates a small ES, |r| = 0.3 amedium ES and |r| = 0.5 a large ES.

3. Results
All recruited PwWMS completed the conducted study. None reported

the occurrence of side effects. PwWMS, neurologist, and technicians
graded at 8 + 2 their satisfaction with Faremus treatment (Fig. 2).

3.1. Faremus effects on fatigue

We noted that among the 12 PwMS who underwent the Real stim-
ulation 5 were responders with a change in fatigue levels greater than or
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Level of satisfaction with Faremus treatment from all stakeholders expressed as a percentual rate on a scale from 1 to 10. The dashed red vertical line represents the
average satisfaction, around 80%. (PwMS= person with MS; Neuro= Neurologist; Tech=Technician).

equal to 20% of baseline and 3 after Sham (Fig. 3A, top). Given the
presence of an outlier who skewed the distribution of mFIS scores, we
opted for a Wilcoxon signed rank test with continuity correction to
assess the mFIS scores before (umedian=32) and after (Umedian =26)
Faremus yielded a statistic of V (11) = 59.5, p= .02 for Real stimulation.
The same test was conducted for the Sham stimulation group before
(Umedian=43) and after (Umedian =33) Faremus, resulting in V (10) =
48.00, p= .042 (Fig. 3A, bottom). The fatigue symptom reduction after
Real stimulation was on average 27% of the pre-treatment level, with a
huge range between 3% and 86% for the 11 pwMS who ameliorated.
One pwMS worsened fatigue symptoms, with mFIS that scored 30 at TO
and 41 at T1 (Fig. 3A, top). The rank biserial r coefficient used to

estimate the ES of Real Faremus treatment was 0.80 and 0.75 for Sham
(both large ESs).

3.2. Faremus effects on depressive symptoms

Among the 12 PwMS who underwent the Real stimulation, 9 were
responders (3 after Sham) (Fig. 3B, top). Paired-samples t-test
comparing the BDI scores at baseline (umean=13.08 and after Faremus
(Umean=8.92) yielded a significant t(11) = 3.94, p= .002 for Real stim-
ulation and t(10) = —0.60, p= .56 for Sham (umean before =7.73,
after=8.82) (Fig. 3B, bottom). The depressive symptoms reduction after
Real stimulation was on average 44% of the pre-treatment level, with a
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A Top: individual change in fatigue levels before and after Real (respectively pink and red) and Sham Faremus (light and dark grey); fatigue levels percentage change
after Real (dark red) and Sham (dark grey) calculated as the difference between pre- vs. post-treatment normalized to the baseline level. Bottom: Boxplots for in-
dividual changes in fatigue levels before and after Real (left) and Sham (right) treatment indicating a significant effect. Fatigue was measured using the modified

Fatigue Impact Scale (mFIS).

B Top: individual change in depressive symptoms before and after Real and Sham Faremus; depressive symptoms percentage change after Real and Sham. Bottom:
Boxplots for individual changes in depressive symptoms before and after Faremus treatment indicating a significant effect for Real but not Sham. Depressive
symptoms were measured using the Beck Depression Inventory (BDI). Color coding as in Fig. 2A.

huge range between 8% and 100% for the 10 PwMS who ameliorated.
One PwMS worsened depressive symptoms, with BDI that scored 19 at
TO to 23 at T1 (Fig. 3B, top). The Cohen’s d coefficient was 1.14 for Real
and —0.18 for Sham.

Given the observed Faremus effect on depressive symptoms, Spear-
man’s rank correlation was computed to assess whether a correlation
existed between mFIS and BDI scores. We found that the two variables
strongly correlated before and after the treatment both for real (at TO: p
(9)=0.71, p= <0.01; at T1: p(9)=0.82, p<.001) and Sham group (at TO:
p (9)=0.77, p<.01; at T1: p (9)=0.81, p<.01).

4. Discussion

In this study, we tested the feasibility of Faremus applied in a
multicenter setting. We found that a 5-days bilateral S1 anodal tDCS
through a personalized electrode, shaped on the MRI-derived bilateral
S1 cortical strip, is feasible within the cooperation of two centers in the
Italian territory (Italian National Research Council — CNR in Rome, and
San Martino Hospital in Genoa).

4.1. Feasibility

Considering the feasibility purpose of the present study, all the
participants were able to complete the treatment with the assistance of
the technician who repositioned every day the adaptable helmet frame

embedding the personalized and occipital electrodes that delivered the
Faremus treatment at the MS unit of San Martino hospital in Genoa. On
the Rome-CNR unit side, no difficulties whatsoever were encountered in
receiving the MRI images from the MS unit in Genoa and delivering the
personalized anode together with the instructions required for precise
repositioning.

4.2. Safety

As regards safety, one of the major strengths of this treatment, all the
necessary precautions were adopted both with respect to the device and
the setup and execution of the treatment. The technician became
familiar with the use of the PDF-transmitted information for the shaping
of RePE and its positioning on the patient’s head. Concerning the
stimulation protocol, the stimulator was designed to monitor the
impedance of the electrode (> 5 kQ) before delivering electricity and to
detect the disconnection of the electrode or the reaching of output
voltage saturation. Overall, none of the participants from this study
reported any adverse effects secondary to the safety aspects of tDCS
stimulation, in line with the data reported by numerous clinical trials
(Buchanan et al., 2021; Kessler et al., 2012; Nikolin et al., 2018; Poreisz
et al., 2007) where the adverse events reported were in any case mild
and transient. This characteristic aspect of tDCS holds even when
employed in home settings (Charvet et al., 2020), whether
remotely-supervised (Charvet et al., 2018; Pilloni et al., 2022) or in
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asynchronous mode (Tecchio et al., 2022)
4.3. Acceptance

In the context of chronic conditions such as MS, disease management
challenges patients to adhere to long-term treatments (Costello et al.,
2008), confronting them with a balance of risks and benefits that ulti-
mately threatens treatment adherence. The efficacy of pharmacological
therapy is negatively impacted by patients’ perceived limitations in
terms of efficacy and adverse events (Burkhard et al., 2021), and in the
case of MS fatigue especially by the indiscriminate use of drugs not
justified by greater efficacy than placebo (Nourbakhsh et al., 2021).
Therefore, in offering a targeted treatment of fatigue, it is essential to
assess its acceptance by all stakeholders. In the present investigation, we
have adopted a broad definition of acceptance, i.e. an a posteriori
assessment following the execution of the Faremus treatment. Such a
retrospective assessment integrates the concept of acceptability, i.e. an a
priori assessment, which in this case positively connotes all neuro-
modulation techniques like Faremus characterized by ease of use and
minimal discomfort (Tecchio et al., 2022). Although it is not possible to
isolate specific criteria to define acceptance, we can take into account
several meta-criteria emerging from the literature such as usefulness,
ease of use, and aesthetics (Bobillier-Chaumon and Dubois, 2009) in the
context of individual variability stemming from subjective experience.
Our assessment based on direct interaction with PwMS who attended the
clinic for five consecutive days made it possible to form a qualitative
evaluation of the PWMS acceptance. Considering that fatigue is a major
obstacle to patients’ daily lives, regardless of the degree of clinical
disability, and also considering the absence of a specific treatment for
this symptom, motivation to undergo Faremus treatment was high.
Moreover, elicited emotions were positive, even in the presence of
depressive symptoms. The personalization of the anode electrode and its
placement process, distributed between the two units, did not compro-
mise the ease of use of the technology, as demonstrated by the fact that
all recruited subjects completed the treatment as expected within 5
consecutive days.

In conclusion, although not yet systematic, the acceptance assess-
ment represents a fruitful valuable insight into PwMS needs and how
meeting them is an essential part of the treatment (Lambert et al., 2018).

4.4. Faremus efficacy in multicenter setup

Compared to other studies that similarly aim at fighting the symptom
of fatigue with non-invasive electroceutical interventions like tDCS (for
a review see Ayache et al., 2022b), Faremus still showed consistent re-
sults also in the present multicenter setting. To our knowledge, this is the
first study to propose a tDCS intervention specifically for MS fatigue by
developing an electrode personalization procedure based only on the
individual MRI (which is already available to patients as it is necessary
for diagnosis) and can be displaced for the actual location where the
treatment is ultimately delivered. Further potential for enhancing
treatment efficacy comes from some evidence in favor of increasing
responsiveness to the effects of tDCS through the induction of a more
receptive state (Li et al., 2019) using mindfulness meditation protocols
(Divarco et al., 2023), music sensory stimulation(Husain et al., 2002;
Thompson et al., 2001) or combined somatosensory stimulation (Sun
et al., 2021).

4.5. Faremus efficacy on fatigue and depressive symptoms

Fatigued PWMS often suffer from the co-occurrence of depression
(Tarasiuk et al., 2022a), combining cognitive fatigue, difficulties in
concentration, memory deficits, and emotional dysregulation. The
incidence of depression in PWMS is estimated to be as high as 50%
(Feinstein et al., 2014), primarily manifesting through anhedonia—a
common component observed in various psychopathologies,
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characterized by diminished motivation and an inability to find plea-
sure. Given this context, we interpreted the results of a preliminary
analysis carried out on a subgroup of the present population who un-
derwent Faremus treatment characterized by mild clinical severity and
mild depressive symptoms (Tecchio et al., 2020). We observed that after
Real stimulation, BDI scores were significantly reduced while Sham had
no effect. Standing as a genuine case of serendipity, our observation
fitted the results of Jaeger and colleagues (Jaeger et al., 2019) who
performed an investigation on functional brain alterations in PwMS with
the same characteristics as us and reported that an increase in depressive
symptoms was associated with greater alteration of the functional con-
nectivity between the upper ventral striatum and post-central gyrus in
the left hemisphere. Coherently, we expected that Faremus intervention
and its bilateral symmetric neuromodulation of the entire post-central
gyrus, with a midline-centered occipital cathode, would exert its ef-
fects by targeting both the intra-hemispheric and inter-hemispheric
functional connectivity. Given that symptoms of depression frequently
occur alongside MS-related fatigue, even in cases of minimal clinical
disability, the recent results suggest that a decline in parietal brain
function could significantly influence the intensity of both depression
and fatigue symptoms. This impact might be crucial not only in how
these symptoms develop but also in how they are treated (Feinstein
et al., 2014; Mohr et al., 2003; Stein et al., 2023).

4.6. Considerations for multicenter Faremus execution

PwMS scored the mFIS in the clinic filling out the questionnaire in
electronic form and all the data were collected in a dedicated semi-
anonymized database. This feature is especially useful for offering the
treatment on multiple sites. However, it might be useful to develop an
interface shared between clinicians and patients to prompt the
completion of the mFIS also remotely (e.g. from mobile) so that fatigue
levels can be monitored longitudinally beyond the follow-ups planned in
the study and patients who wish to undergo treatment for fatigue
symptom management can be easily identified. Similarly, it would be
worth implementing acceptance assessment in real life through dedi-
cated digital tools, which have already proven useful for identifying
patients’ unmet needs in several chronic diseases including MS (Lambert
et al., 2018).

Given the strong co-occurrence of fatigue and depression (Tarasiuk
et al., 2022b), the majority of systematic studies only consider the
presence of minimal depressive symptoms as an inclusion criterion at
the beginning of the study. However, this feasibility study suggests that
the presence of mild depressive symptoms not treated pharmacologi-
cally is an important aspect of the experience of fatigue and should be
taken into account among other indices for a dynamic monitoring along
all stages of symptom management.

This indication moves in the same direction as we advocate the need
to develop easy-to-implement quantitative measures that take into ac-
count the main domains of the patient’s life and user experience. This is
why we also consider enriching the assessment by measuring the quality
of life and the overall impact of fatigue on the physical, cognitive, and
social dimensions as expressed by the mFIS total score. For this reason,
although the inclusion criterion was based on the mFIS_phys subscale
exclusively, the efficacy was assessed considering the total mFIS scores.

4.7. Limitations of the current study

4.7.1. Positive effects of Sham stimulation

In line with previous applications of Faremus, we observed a sig-
nificant improvement in fatigue levels and depression levels in several
PwMS. Although participants were unaware of the type of stimulation,
per the original experimental design, it is possible that repeated expo-
sure to Sham stimulation for 5 consecutive days induced neuro-
modulatory effects (Fonteneau et al., 2019). Previously, antidepressant
effects not differing between real and Sham stimulation were observed
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(Loo et al., 2018). However, in that study the montage targeted different
areas (left prefrontal cortex), throughout 20 sessions of 30 min over 4
weeks. However, despite the high interindividual variability, indepen-
dent RCTs adequately powered show that Faremus real stimulation has
consistently induced stronger effects than sham (Cancelli et al., 2018b;
Tecchio et al., 2022, 2014). We, therefore, believe that the reduction in
both fatigue and mild depression levels also observed following Sham
stimulation may be attributable to the holistic nature of Faremus
treatment rather than to the stimulation parameters alone.

4.7.2. Prototypical device

One limitation of our study is the reliance on prototype technology,
which led to technical difficulties. These issues were primarily due to the
developmental stage of the prototype device employed, such as
improperly connected wires in the personalized electrode and chal-
lenges with applying gel to the electrode once in place.

4.7.3. Unexpected end of study implementation

Despite the lack of allocated funding, the collaboration between the
two centers, namely the coordinator Rome-CNR unit and Genoa-MS
unit, succeeded in administering treatment to a considerable number
of people with MS. This success highlights how the enthusiasm and
commitment of PwMS, coupled with a dedicated multidisciplinary team,
support the delivery of Faremus intervention. However, due to unfore-
seen changes in the organizational structure of the Rome-CNR unit, we
had to halt the present Faremus project before the intended crossover
study could be completed. While the primary aim of this study is not to
support the efficacy of Faremus but to provide indications of feasibility
and acceptance of a multicenter treatment, the small number of subjects
who took part in this study can be considered a limitation. Nevertheless,
a cross-disease meta-analysis dedicated to the Sham effect for prospec-
tive power analysis of tDCS-based RCTs in several clinical conditions
(Gianni et al., 2021), including MS fatigue, suggests that the size of a
one-sample study with an expected effect size like the observed ones is
23, not so different from the present one.

4.8. RePE shaping

Our experience in comparing the obtained electrode shapes from the
computerized procedure for shaping the personalized S1 electrode with
those obtained by the previous neuro-navigated procedure (Cancelli
et al., 2018b; Tecchio et al., 2022, 2014) revealed a limitation of the
results of the current computerized process. While taking into account
the shape of the individual brain using the spatial normalization matrix
(step 3 of the computerized procedure), some of the individual vari-
ability of the shape of the central sulcus was lost using the standard MNI
atlas. The second limitation arose from the AutoCAD modeling of the
electrode which introduced sharp edges and tips into the final shape. For
this reason, we are searching a new computerized procedure by devel-
oping an algorithm that allows the automatic recognition of the shape of
the central sulcus from individual brain MRI.

5. Conclusions

The present pilot study paves the way in employing Faremus to
relieve MS fatigue even in a multicenter setting.
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