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Abstract Fatigue in multiple sclerosis (MS) is a highly
disabling symptom. Among the central mechanisms behind
it, an involvement of sensorimotor networks is clearly
evident from structural and functional studies. We aimed at
assessing whether functional/structural balances of
homologous sensorimotor regions—known to be crucial
for sensorimotor networks effectiveness—decrease with
MS fatigue increase. Functional connectivity measures at
rest and during a simple motor task (weak handgrip of
either the right or left hand) were derived from primary
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sensorimotor areas electroencephalographic recordings in
27 mildly disabled MS patients. Structural MRI-derived
inter-hemispheric asymmetries included the cortical
thickness of Rolandic regions and the volume of thalami.
Fatigue symptoms increased together with the functional
inter-hemispheric imbalance of sensorimotor homologous
areas activities at rest and during movement, in absence of
any appreciable parenchymal asymmetries. This finding
supports the development of compensative interventions
that may revert these neuronal activity imbalances to
relieve fatigue in MS.

Keywords Multiple sclerosis - Fatigue - Sensorimotor
network - Electroencephalography - Cortical thickness

Introduction

Fatigue is a bothersome symptom shared by a variety of
conditions, including Multiple sclerosis (MS), in which up
to 90 % of patients may complain of it even early in the
disease [1]. It affects social relationships and daily cogni-
tive and physical activities of MS sufferers [2] who report
fatigue as exhaustion, lacking energy, increased somno-
lence or worsening of MS symptoms, with augmented
weakness exacerbated by activity and heat [3].

Fatigue may be secondary to MS-related complications
(trigeminal neuralgia, spasms, psychiatric comorbidities,
etc.), musculoskeletal involvement (pain, posture, gait
anomalies, etc.), sleep and drug-related issues [4]. Several
findings confirm the existence of peripheral nervous system
components of fatigue in MS [5]. However, there are clear
indications that a main role is played by dysfunctional
central mechanisms [6-9], with the sensorimotor system
playing a principal role [6, 8§—15].



J Neurol (2015) 262:614-622

615

Rather than on a whole-brain basis, primary MS-fatigue-
related alterations emerged from structural studies mea-
suring either the lesion volume or non-conventional met-
rics derived from magnetic resonance imaging (MRI) in
specific brain regions [16, 17]. Indeed, pointing on brain
regional specificity, a higher lesion load in fatigued
patients has been found in the internal capsule, the peri-
ventricular trigone [6], the posterior parietal cortex [18],
the right parieto-temporal and left frontal lobes [19].

From a neurophysiological perspective, potential
mechanisms of this phenomenon reside in the sensorimotor
system functional alterations at cortical [6, 10—13] and
subcortical levels [8, 14, 15]. We recently observed that
altered functional communication within the sensorimotor
system emerges in MS-fatigued patients before that any
structural damage in the communicating nodes is appreci-
ated [9].

A recent achievement is the dynamic interplay between
homologous cortical areas as a critical element for a proper
functioning of the motor system either during task execu-
tion or even at rest (in which the behavioral performance
associates to the functional connectivity across the nodes of
the devoted network) [20-22]. Thus, here we focused on
the inter-hemispheric balance between homologous pri-
mary sensorimotor cortices. The primary nodes of the
sensorimotor network may be early affected by demyelin-
ation and/or axonal loss, reflecting functional disconnec-
tions even over long distances. Dynamic indices were
derived at rest and during movement from electroenceph-
alographic (EEG) recordings.

To assess the potential influence of structural (paren-
chymal) inter-hemispheric sensorimotor imbalances on MS
fatigue, we also investigated the asymmetry indices of
thalamic volumes and cortical thickness of rolandic
regions, which represent key nodes of this network.

Data were collected from relapsing remitting (RR) MS
patients with low-range disability to minimize the effects
of the disease upon fatigue.

Methods
Participants

The work was approved by the Ethical Committee of the
Fatebenefratelli Hospital and was performed in accordance
with the ethical standards noted in the 1964 Declaration of
Helsinki. All subjects signed informed consents prior to
their inclusion in the study.

According to Lublin’s categories [23], twenty-seven MS
patients (13 females; age range 22-47 years; mean =
37 years) were recruited at the MS center of ‘S. Giovanni
Calibita’ Fatebenefratelli Hospital (Rome, Italy). Eight

healthy subjects (7 females, age range 25-48 years;
mean = 37) were enrolled as controls (C).

A detailed clinical history inclusive of ongoing disease-
modifying therapy (DMT), disease duration and annual
relapse rate was collected. Beck Depression Inventory
(BDI) and expanded disability status scale (EDSS) were
scored at the time of neurological examination and used in
exclusion criteria to eliminate concomitant origin of fatigue
in depression (BDI > 13) or excessive disease severity
(EDSS > 2). Fatigue levels were assessed using the mod-
ified fatigue impact scale (mFIS) that identifies the physi-
cal, cognitive, and psychosocial components of fatigue.
Inclusion criteria were as follows: absence of clinical
relapse or radiological evidence of disease activity over the
last 3 months; ability to rule out physical disability or
depression as confounding factors; EDSS score <3; no
drugs against depression. The exclusion criteria included:
(a) assumption of symptomatic drugs affecting the fatigue;
depression and/or anxiety within the past 3 months;
(b) epilepsy or other central/peripheral nervous system
comorbidities; (c) any systemic conditions that may cause
fatigue (e.g., anemia or pregnancy). We gave care to
include people with MS suffering by a wide range of
fatigue symptoms. mFIS scores ranged between 5 and 57,
and considering a threshold of 36, 12 MS patients suffered
low fatigue and 15 high fatigue (Table 1).

Electrophysiological study and inter-hemispheric
balance assessment

The functional connectivity was measured during move-
ment through the spectral coherence (inter-hemispheric
coherence index, [HCoh) [24] and at rest through the power
inter-hemispheric symmetry index (IHSym_Rest) [25],
already proven to be a sensitive measure of the functional
balance between homologous areas [26, 27].

The digital signals were recorded on computer for off-
line processing using a pre-cabled cap (mod. CUEE60 M,
Sei EMG s.r.l., Cittadella, Italy) with 23 Ag/AgCl elec-
trodes (the standard 19 channels of the 10-20 International
system plus FC4, FC3, CP4, CP3), with sampling rate of
1024 Hz (band pass filter 0.48-256 Hz). In addition,
electro-oculogram to check for eye blinking and electro-
cardiogram (ECG) were acquired as polygraphic traces.
EEGs were recorded using a Micromed System Plus
equipped with SAM32 headbox (Micromed S.p.A., Mo-
gliano Veneto, Italy), with a mid-frontal reference and an
occipital ground. All subjects sat comfortably on a reclin-
ing chair, with their arms supported, flexed at the elbow
and with the forearm semi-pronated (Fig. 1). Following a
block design paradigm, EEG signals were recorded in 24
consecutive blocks, in which 20s of muscular contraction
(motor task) were alternated with 10 s of opened eyes rest,
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Table 1 Demographic and clinical profile of people with MS

Sex Age DIS DUR REL EDSS mFIS BDI LtF
MS low fatigue 4M/8F 36.9 (7.5) 7.1 (3.9) 0% [0, 2] 1* [0, 2] 19.9 (8.6) 6.7 (4.2) 0.029 (0,022)
MS high fatigue 4M/11F 37.3 (4.0 39 4.1 0" [0, 2] 1* [0, 3] 42.1 (7.3) 9.3 (3.5) 0.009 (0.002)
P 0.937 0.137 0.731 0.594 <0.001 0.207 0.154

Mean and standard deviations (in brackets) of clinical variables in patients grouped for low and high fatigue

M male, F female, DIS DUR disease duration, Rel annual relapse rate, Scores of: EDSS expanded disability status scale, mFIS modified fatigue
impact scale, BDI beck depression inventory, LrF lesion relative fraction

* For EDSS and Rel, the median and range are presented. In the last row, the significance of inter-group differences of the means, in bold values
differing between the two groups. Noteworthy, the two groups of people with MS differed for fatigue but were comparable for all other clinical

and lesion variables

Right isometric handgrip
(5% MVC)

Fig. 1 Electrophysiological exam and variable. Left the recording set
up with the EEG-cap, surface EMG electrodes and visual feedback is
shown on an exemplificative subject. Right from top visual feedback
while performing the task, with periods of isometric contractions
intermingled with non-contraction; one second windowed a signal of
EMG from left to right opponens pollicis muscles (second and fourth
rows, EMGop, and EMGqp;) and with bipolar derivation selected as
maximally coherent with contralateral EMG activity (third and fifth
rows, EEGgyy; and EEGgyyy,) during rest and during right and left
isometric handgrips. In the successive rows in one representative

to avoid fatigue induced by the task. The motor task con-
sisted in an isometric handgrip against resistance from a
semi-compliant air-bulb, connected to a digital board
hosting in-house developed electronics that recorded the
exerted pressure while giving the subject a visual feedback
(Interactive Pressure Sensor, InPresS, Fig. 1). The task was
executed once with each hand, in random order between
subjects. The EEG recordings lasted about 20 min for each
of the two sides. The procedure has been detailed else-
where [9]. Complete resting EEG data were also collected.

Firstly, the EEG bipolar derivations maximally coherent
with the contralateral muscular activity during contraction
were selected for both left (EEG%M], typically C3-F3 or
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patient (Pat_10), power spectral density function (PSD) in the [2-90]
Hz frequency range for EEGgy; and EEGgy,, in resting periods and
during movement are shown (ordinate scales are fixed across the
conditions). It is clear the reactivity with power reduction during
movement than rest. The inter-hemispheric coherence function
between EEGgy; and EEGgyy, is presented in the last row (dimen-
sionless numbers) considered during movement. Asymmetry in the
inter-hemispheric coherence when moving the right and left hands,
especially in the alpha range, is evident

C3-FC3) and right (EEGSRMI, typically C4-F4 or C4-FC4)
hemisphere.

At rest, the inter-hemispheric symmetry index was cal-
culated as:

90 90
215 PSD}{ — 215 PSDfL‘

[HSymg.« =1 — =55 %
> -15PSDF + 37, s PSDf

where f indicates the frequency bin and PSD" and PSD®
are the power spectral densities of the EEG%MI and EEGIS{Ml
[25], estimated by the Welch procedure (2 s lasting non-
overlapping Hanning windows, averaging almost 100
epochs). We selected this index since it was observed
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sensitive to physiological [26] and pathological [27]
alteration in resting state. With respect to van Putten’s
definition, we considered the ratio without the absolute
value transformation. In this way, we maintained the
information about the direction of the inter-hemispheric
asymmetry in such a way that IHSym_Rest <1 corresponds
to R > L and vice versa. To check for the activation level
of the sensorimotor area in each hemisphere, we measured
the PSD during movements and rest.

To evaluate the functional balance of homologous sen-
sorimotor areas when engaged in motor control, we eval-
uvated the symmetry of their functional connectivity
(estimated via spectral coherence in alpha band) when
moving the right or the left hand separately. We calculated
the cortico-cortical coherence as:

2
PCD|
HCohR = ————
PSD; x PSDy

where f is the frequency bin, PCD the power cross spec-
trum estimated accordingly to the PSD as defined above.
Frequency bins were integrated in standard EEG bands:
delta (1.5-4 Hz); theta (4.5-8 Hz); alpha (8-12 Hz); beta
(12-33 Hz); gamma (33.5-90 Hz, excluding five fre-
quency bins around 50 Hz); whole spectrum (1.5-90 Hz).
Thereafter, we considered their asymmetry when moving
each hand by

IHCoh{; , — THCohR |
IHCohg, , + IHCoh{

IHSymMovemem =

Since here R and L refer to the moved hand, we inverted
the order with respect to inter-hemispheric symmetry index
at rest (IHSymgegy)-

The analysis of EEG data was performed with Matlab
2010 (The Mathworks Inc, MA, USA).

Magnetic resonance imaging and derived metrics
Data acquisition

Imaging was performed with a 1.5 T scanner (Achieva,
Philips Medical Systems, Best, The Netherlands), provided
with a 33 mT/m gradient amplitude, online 2D/3D geo-
metric distortion correction and a standard quadrature head
coil. The acquisition protocol is detailed in [26] and con-
sisted of a high-resolution volumetric sequence optimized
for morphometric measurements together with routine 2D
sequences for lesion characterization. The former was
empirically adjusted to allow reliable segmentation of
subcortical structures (T1-weighted Turbo Field Echo TR/
TE/FA = 8.6 ms/4 ms/8°; 256 x 256 matrix, 160 sagittal
contiguous slices, in-plane resolution 1 x 1 mm). The 2D

sequences included Dual Turbo Spin Echo, Fluid Attenu-
ated Inversion Recovery (FLAIR) and two T1-Spin Echo
sequences before and after intravenous injection of the
contrast agent gadolinium (0.2 mmol/kg).

Lesion characterization

Optimized segmentation and volume calculation for nor-
malization are described in Tecchio [28]. Briefly, in the
present study, the lesion load was estimated as the lesion
relative fraction (LrF), defined as the total lesion volume of
white matter (WM) hyperintensities upon T2/FLAIR
weighted images, normalized for the overall WM volume.
This part is reported in the present work only for com-
pleteness of the clinical picture since no association
between fatigue and lesion load was found in a previous
study (Table 1, [9]).

Thalamic volume and cortical thickness estimate

Automated labeling and quantification of thalamus,
supratentorial volumes and cortical thickness of sensori-
motor regions were performed using FreeSurfer 5.1 [29,
30] installed on a multiprocessor Apple workstation. This
software provides a neuroanatomical label of up to 40
unique structures based on probabilistic information
assigned to each voxel in the brain MRI volume automat-
ically estimated from an atlas integrating a manually
labeled training set [31]. We selected the G_postcentral,
S_central, and G_precentral cortical regions of the left and
right hemispheres. A nonlinear transform is initialized with
the linear one, and the image is allowed to further deform
to better match the atlas. Lastly, a Bayesian segmentation
procedure is performed, and the maximum a posteriori
estimate of the labeling is computed. This approach pro-
vides an anatomically precise rendering of regional

Cortical thickness
of left and right central sulcus

Volume
of left and right thalami

Fig. 2 Structural MRI-derived primary motor system hemispheric
variables FreeSurfer 5.1 was used for cortical segmentation and
thickness estimates individually for the left (red-filled regions) and
right (blue-filled regions) Rolandic areas and for thalamus volume
evaluation in the two hemispheres

@ Springer



618

J Neurol (2015) 262:614-622

volumes that results comparable to manual ROI delineation
[32, 33], without the potential for rater bias [30].

The entire cortex was visually inspected prior to ana-
lysis. Subjects requiring manual correction underwent:
(a) manual realignment to the MNI template; (b) setting
intensity normalization control points where brain matter
was erroneously skull stripped; (c) adjustment watershed
parameters of the skull strip; (d) visual inspection and
correction of the automatic subcortical segmentation; and
e) accuracy of WM/gray matter (GM) segmentation, to
avoid possible misclassifications mostly due to MS lesions.
Intracranial volume (ICV) was calculated and used to
correct the raw volumetric measures [34], to eliminate the
scaling effect with general head size. In the present study,
the normalized volumes of thalamus proper were calcu-
lated as followed: [raw volume/ICV] x 1000. GM/WM
and pial surfaces were then identified and thickness was
defined as the shortest distance between their two models
[35].

The asymmetry index between the left and right thala-
mus of each subject was calculated according to formula
mentioned above for IHSym_Rest (IHSym_Thal).
Accordingly, it was also calculated for the cortical thick-
ness of the central sulcus regions (Fig. 2) among the
overall measures provided by the software.

Statistics

Statistical analysis was performed using a Windows PC
running SPSS v.19. First, the normal distribution of the

Inter-hemispheric symmetry of SM1 power at rest
vs.

Fatigue

12

IHSym_Rest

Resting state SM1 total power

0.8

Fig. 3 MS fatigue and functional inter-hemispheric primary senso-
rimotor cortex balances. Scatter plot of mFIS with Left inter-
hemispheric symmetry index related to the total power of primary
sensorimotor areas at rest (IHSymgey). IHSymg, above 1 correspond
to left higher than right powers (L > R) and viceversa for values
below 1 (R > L). Right inter-hemispheric symmetry index related to
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IHSym_Movement

Table 2 mFIS and functional indices of homologous sensorimotor
cortices

IHSym Left hemisphere ~ Right hemisphere

Rest 0.424 (0.031)
0.426 (0.030)

0.039 (0.850)
0.158 (0.440)

—0.218 (0.284)

Movement —0.312 (0.121)

Person’s correlation coefficient r and significance (in brackets)
between mFIS scores and the functional indices at rest and during
movement in the group of 27 people with MS. In the row Rest, the
inter-hemispheric balance (IHSym) refers to IHSymg., while the
hemispheric values (left/right hemisphere) to left and right total PDS
in the [1.5, 90] Hz range. In the row Movement, the inter-hemispheric
balance (IHSym) refers to IHSympjoyement While the hemispheric
values (left/right hemisphere) to inter-hemispheric coherence
(IHCoh*®) during right and left handgrip (note the inversion of the
hemisphere vs. moved hand, see methods). In bold significant
correlations

variables was verified and logarithmic transformation
applied where appropriate. PSD were not normally dis-
tributed, so we estimated their logarithmic transformation,
which did not differ from a Gaussian (Shapiro—Wilk
p > 0.300 consistently). A correlation analysis of inter-
hemispheric balances at rest and during movement with
fatigue symptoms guided all other steps. Whenever an
association was found, the relative hemispheric values
were evaluated and compared among the three groups
(healthy and MS patients in dependence on the level of
fatigue) proper ANOVA model. When comparing more
than two groups Bonferroni’s post hoc test was adopted. In
the case of inappropriateness of parametric tests, a non-
parametric test (U Mann—Whitney and Kruskal-Wallis)

Symmetry of inter-hemispheric coherence during left and right handgrip
vs.
Fatigue

Handgrip

0.2 |-

mFIS

functional connectivity between homologous primary sensorimotor
areas during left and right handgrip (IHSymuovement)- IHSYMpMovement
above 1 correspond to inter-hemispheric coherence during right
handgrip (left SM1 stronger recruitment) higher than during left
handgrip and viceversa for values below 1. Linear fitting line in full
corresponds to significant correlation
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was used. An uncorrected two-tailed alpha level of
p < 0.05 was set as the significance threshold. P values
between 0.05 and 0.10 were considered as trends.

Results

Functional inter-hemispheric balances of homologous
sensorimotor cortices

Asymmetry of homologous primary sensorimotor power
in resting state

We found a clear positive correlation between fatigue scale
and the inter-hemispheric power asymmetry of homolo-
gous primary sensorimotor cortices (Table 2; Fig. 3, left).
In other words, people with MS suffering more for fatigue
had higher left (dominant) than right (non-dominant)
hemispheric primary sensorimotor activity power in the
resting state. To better understand the origin of this rela-
tionship, we calculated the correlation with hemispheric
power and found no associations in either side (Table 2).
To have an estimate of the direction of the changes, we
studied the values of these three variables in healthy people
and in people with MS divided for suffering by low or high
level of fatigue (see Table 3). Oneway ANOVA indicated
that right hemisphere power differed among the three
groups (Table 3), and post hoc comparisons evidenced that
only high levels of fatigue were associated to lower power
than both healthy controls (p = 0.030) and people with MS
suffering low levels of fatigue (p = 0.048). Noteworthy,
the trend of Groups effect for the inter-hemispheric power
symmetry IHSymg.s (Table 3, p = 0.052), corresponded

Table 3 Functional indices of homologous sensorimotor structures

I[HSym Left Right
hemisphere hemisphere
Rest
Healthy 0.98 (0.08) 3.43 (1.02) 3.51 (0.86)
MS low fatigue 0.99 (0.10) 3.28 (1.00) 3.27 (0.76)
MS high fatigue 1.08 (0.08) 2.94 (0.70) 2.53 (0.55)
p 0.052 0.530 0.017
Movement
Healthy 0.99 (0.10) 0.15 (0.08) 0.16 (0.08)
MS low fatigue 0.99 (0.35) 0.27 (0.14) 0.27 (0.11)
MS high fatigue 1.06 (0.34) 0.27 (0.15) 0.25 (0.16)
p 0.857 0.143 0.219

Mean and standard deviations of the inter-side and hemi-side indices
at rest and during movement (nomenclature at in Table 2). In the
relative p cell the oneway ANOVA significance of the comparison
among the three groups. In bold values which differed at the post hoc
comparison (p < 0.050; in italics if p < 0.010, Sidak corrected)

to a trend of difference between people with MS suffering
different levels of fatigue (p = 0.077). No differences were
found between people with MS suffering low level of
fatigue and healthy people (Sidak corrected p > 0.500
consistently).

Asymmetry of inter-hemispheric connectivity
between homologous primary sensorimotor areas
during movement

Preliminarily, we evaluated whether any group effect was
present in specific bands for the inter-hemispheric con-
nectivity during movement. ANOVA included the within-
subject factors Task-side (right handgrip, Left handgrip)
and the between-subject factor Group (healthy controls,
MS low fatigue, MS high fatigue). Given the strong
dependence of IHCoh on the EEG frequency band (Band
factor F(6, 120) = 34.325, p < 0.001), we carried out the
analysis in each band and selectively in alpha band we
found the Group factor [F(2, 20) = 5.474, p = 0.013]. All
further investigation is on the inter-hemispheric coherence
in alpha band.

The symmetry of the inter-hemispheric coherence dur-
ing the left and right handgrips IHSymiovement Was posi-
tively correlated with fatigue in people with MS, while no
relation appeared with hemi-side values (Table 2; Fig. 3,
right). This means that when controlling the movement, the
left SM1 area establishes a higher inter-hemispheric
coherence (connectivity, too strong as revealed in com-
parison with lower values in healthy controls, Table 3)
with right SM1 to control right hand than to control the left
hand (right hand movement > left). In other terms, when
the left SM1 is more directly recruited (right hand move-
ment), it connects the homologous contralateral area more
than when the right SM1 is more directly recruited. To be
noted, while no effect appeared in one-way ANOVA,
comparing the two movements separately and differenti-
ating the patients depending on the fatigue level (Table 3),
the overall inter-hemispheric coherence in the group of
people with MS was higher than in healthy controls. In
fact, ANOVA including Task-side (Right handgrip, Left
handgrip) as within-subjects factor and the 2-level
between-subjects factor Group (Healthy Controls, People
with MS), displayed the Group effect [F(1, 30) = 4.774,
p = 0.037] corresponding to means across the two side
tasks: 0.16 £ (SD) 0.08 in healthy control and 0.26 £ 0.13
in people with MS.

Structural inter-hemispheric balances of homologous
sensorimotor regions

Regarding the thalamus volumes, no differences were
observed among MS patients and controls either in terms of
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Table 4 MRI-derived motor system variables and inter-hemispheric symmetry indices

Left Right ICV (dm3) Left n_thal Right n_thal IHSym_Thal Left CS Right CS IHSym_CS
thalamus (cm3) thalamus (cm3 ) (mm) (mm)
Healthy 7.44 (1.18) 7.25 (0.93) 1.50 (0.21) 4.97 (0.50) 4.86 (0.48) 1.01 (0.02) 1.78 (0.14) 1.72 (0.15) 0.98 (0.02)
MS LF  6.67 (1.13) 6.65 (1.04) 1.49 (0.23) 4.56 (0.64) 4.55 (0.55) 1.00 (0.04) 1.72 (0.18) 1.68 (0.18) 1.00 (0.03)
MS HF 7.01 (1.12) 7.11 (1.38) 1.44 (0.20) 4.81 (0.31) 4.79 (0.38) 1.00 (0.03) 1.72 (0.07) 1.71 (0.10) 1.00 (0.02)

Hemispheric means (SD) in the three groups of healthy controls (Healthy) and people with MS suffering low (MS LF) or high (MS HF) levels of
fatigue of the two thalami volumes before (thalamus) and after (n_thal, dimensionless) normalization for the individual total intracranial volume
(ICV) and cortical thickness of the central sulcus area (CS). Relative inter-hemispheric symmetry indices are reported

the asymmetry index (IHSym_thal, ANOVA 3-level
between-subjects Group: p = 0.267, Table 4), or in terms
of normalized thalamus volumes (ANOVA: Ileft,
p = 0.259; right, p = 0.866). No association was observed
between such indicators and the mFIS scores. The same
occurred for Rolandic areas cortical thickness.

Discussion

The main finding was that MS fatigue increased together
with the functional imbalance between homologous sen-
sorimotor areas’ activities both at rest and during move-
ment. Our mildly disabled MS patients did not show any
structural alteration of the primary sensorimotor network,
in terms of thalamic volume or cortical thickness of ro-
landic regions. They also did not show alterations of pri-
mary sensorimotor cortices local neuronal activity. In
particular, no alterations in either side associated with
fatigue symptoms, which selectively associated with the
reduction of their inter-side symmetry, both at rest and
during movement. This finding extend to MS fatigue the
evidence already got from stroke [20-22, 27, 36] and
healthy people [26] that dynamic interplay between
homologous cortical areas is critical for the brain networks
effective functioning. This impaired pattern of the dynamic
indices with little or no parenchymal changes indicates that
the sensorimotor system derangement in MS fatigue is
primarily functional, with a key role of homologous
regions relationship. Our cohort included highly selected
lowly disabled MS patients (median EDSS 1, range [0, 3])
enabling to rule out mechanism secondary to disease
severity thus enhancing the ability to isolate mechanisms
behind fatigue. This new findings strengthen the hypothesis
that neuromodulations, i.e., techniques able to modify
neuronal excitability of specific brain regions thus chang-
ing the interplay among brain areas, are promising treat-
ment for MS fatigue [37]. Behavioral treatments can also
modify the hemispheric balances [38, 39]. Thus, in addition
to or integrating neuromodulation interventions, behavioral
treatments should be tested against MS fatigue.
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The intensification of fatigue symptoms is accompanied
by an inter-hemispheric imbalance of activity at rest, in
which left dominant SM1 areas generate higher power than
the right non-dominant one. This could correspond to an
impoverishment of the local organization of dominant hand
representation. Indeed, in healthy controls we proved that
the dominant hand representation (in the left hemisphere)
has a lower power at rest than the non-dominant one [40].
In MS patients, an intra-cortical connectivity index specific
of the left dominant hemisphere coding for sensorimotor
dexterity [41] is distorted [28]. Moreover, the increment of
power and inter-hemispheric imbalances show an increase
in healthy people with aging in the same direction as in
these MS patients, possibly as a sign of reduced functional
organization in the region of the hand’s sensorimotor
control [26].

In our study, MS fatigue increased with a rise of the
inter-hemispheric coherence, possible expression of an
increment of synchronization between neuron of homolo-
gous SM1. Studies in animals and in humans have dem-
onstrated that cerebral regions, when engaged in shared
tasks, start synchronizing the neuronal firings of involved
networks [42-44]. This behavior can be hampered by
several pathological conditions that shift synchronization
levels toward lower values, such as in acute stroke patients
[45] or even toward higher values, such as in depression,
where an augmented functional connectivity within the
anterior medial cortex [46] and an overall greater coher-
ence in the resting state are found [47]. Alternatively and
non-mutually exclusive, the increase of synchronization in
our cohort can also result from an increment in the number
of recruited neurons during movement, as a probable
compensatory mechanism of MS fatigue directed to
achieve the assigned task, which in turn induces the per-
ception of fatigue. This is in line with previous fMRI
studies [11, 13].

In conclusion, the present study strengthens the role of
sensorimotor system involvement in MS fatigue, in par-
ticular indicating that the symptom increases when func-
tional imbalance between homologous regions of the two
hemispheres becomes stronger. Neuromodulation might
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offer a relief from MS fatigue sufferance, such as inter-
ventions able to modify the inter-hemispheric interplay of
primary sensorimotor areas.
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