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Abstract

Background Rehabilitation seems to promote brain plasticity, but objective measures of efficacy are lacking and there is a
limited understanding of the mechanisms underlying functional recovery.

Objective To study functional and structural brain changes induced by gait rehabilitation.

Methods We enrolled MS inpatients (EDSS 4.5-6.5) undergoing a 4-week neurorehabilitation. Several clinical measures
were obtained, including: 2-min walk test (2MWT), dynamic gait index (DGI), Berg balance scale (BBS). Furthermore,
motor-task functional MRI (fMRI) of plantar dorsiflexion, resting state fMRI, and regional diffusion tensor imaging (DTTI)
metrics were obtained. All the assessments were performed at baseline (TO0), after the end of the rehabilitation period (T1)
and 3 months later (T2).

Results Twenty-nine patients were enrolled at TO, 26 at T1, and 16 completed all timepoints. At T1, there was a significant
improvement of 2MWT, DGI, and BBS scores, along with a reduced extent of the widespread activation related to the motor
task at the fMRI and an increased functional connectivity in the precentral and post-central gyrus, bilaterally. None of these
changes were maintained at T2.

Conclusions Our findings show a short-term beneficial effect of motor rehabilitation on gait performances in MS, accom-
panied by brain functional reorganization in the sensory-motor network.
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Introduction

Multiple sclerosis (MS) is a progressive central nervous
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phase of MS, whereas their impact on the neurodegenerative
process is limited.

Therefore, neuromotor and cognitive rehabilitation are of

B Marco Rovaris crucial importance as they may represent the main approach

mrovaris @dongnocchi.it for treating the progressive forms of MS [1]. However, data

on their effect in MS are few and often contradictory, lead-

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00415-018-8859-y) contains
supplementary material, which is available to authorized users.

Scientific Institute Santa Maria Nascente, Don C. Gnocchi

Foundation ONLUS, Via Capecelatro 66, 20148 Milan, Italy ing to lack of evidence-based practice guidelines [2, 3].
2 Department of Neurology, School of Medicine Key issues correspond to the absence of algorithms to pro-
and Biomedical Sciences, Buffalo Neuroimaging Analysis vide tailored treatments and a poor understanding of the
Center, University at Buffalo, State University of New York, mechanisms underlying recovery. With respect to the latter,
Buffalo, NY, USA non-conventional MRI techniques such as functional MRI
? Department of Neuroimaging, Institute of Psychiatry, (fMRI) and diffusion tensor imaging (DTI) may be helpful,

Psychology and Neuroscience, King’s College London,

as they can investigate brain properties and functionality
London, UK

@ Springer


http://orcid.org/0000-0003-2580-3646
http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-018-8859-y&domain=pdf
https://doi.org/10.1007/s00415-018-8859-y

1394

Journal of Neurology (2018) 265:1393-1401

at a microstructural level. In particular, task-oriented fMRI
allows to visualize brain areas activated by different types of
stimuli, whereas DTI reflects tissue integrity. The functional
connectivity of the brain can be investigated also indepen-
dently of any external stimulus with resting state fMRI.

The ability of the brain to functionally and structurally
reorganize itself, so-called brain plasticity, has been demon-
strated in MS both following an acute relapse and as a result
of a chronic insult [4-9]. Whereas cortical reorganization in
response to cognitive rehabilitation has been the subject of
numerous studies [9—14], only few reports have investigated
the effect of motor rehabilitation [15-20], all of them in
an out-patient setting, and mainly with a low frequency of
motor sessions/week.

Against this background, we planned the current study
to investigate the effect of an intensive motor rehabilitation
program on MS inpatients with mild-to-moderate disability,
both on clinical outcomes and functional and structural MRI
parameters.

Methods
Study design

The design of this longitudinal randomized study included
two arms of rehabilitation treatment, consisting of either
resistance or endurance training, with 32 MS patients in
each. Sample sizes were calculated based on power calcula-
tions with simulated data, which showed that 30-35 subjects
per arm would result in 80% power when mean difference in
improvement was greater than a Z score of 0.7 on the 2-min
walk test 2MWT). However, due to funding restrictions, we
could not recruit the number of subjects originally planned.
Accordingly, we were not able to assess the secondary aim
of the study, i.e., to explore which rehabilitation treatment
had a greater impact on MRI parameters.

Patients enrolled in the study underwent clinical and MRI
examinations at baseline (T0), at the end of the 4-week reha-
bilitation period (T1) and 3 months later (T2). After patient
discharge at the end of T1, patients were advised to maintain
physical activity to the best of their ability, but were not fol-
lowed in an out-patient setting for the sake of the protocol.

Subjects

We recruited MS patients admitted for hospital-based
rehabilitation. To be included patients had to be relapse-
and steroid-free for at least 1 month prior the beginning,
right-handed and with an Expanded Disability Status Scale
(EDSS)<6.5. All patients provided written informed con-
sent, and the local ethical committee of our institution
approved the study.

@ Springer

Clinical assessments

Clinical and neurological examinations were performed and
disability was quantified by means of EDSS. Patients also
underwent the 2MWT, the timed 25-foot walk (T25FW);
the dynamic gait index (DGI). The following scales or
questionnaires were also completed: Berg balance scale
(BBS), MS walking scale-12 items (MSWS-12), and modi-
fied fatigue impact scale (MFIS). At T1 and T2, patients
were assessed by a blinded evaluator not involved in the
rehabilitation sessions.

Rehabilitation approach

Participants underwent two treatment sessions/day, 5 days/
week, during the 4-week admission period, each session
lasting 30—45 min. In the first session, participants were
treated to improve global physical functioning, while in
the second session, they were randomized to resistance or
endurance training. A thorough description of the afore-
mentioned sessions is reported in the Supplementary file.

MRI acquisition

Patients were scanned on a 1.5 T MRI scanner (Siemens
Magnetom Avanto, Erlangen, Germany) with a 12-chan-
nel head matrix coil. The imaging protocol included the
following sequences: (1) three-dimensional T1-weighted
magnetization-prepared rapid gradient echo (MP-RAGE)
[TR 1900 ms; TE 3.37 ms; inversion time (TT) 1100 ms; flip
angle 15; 176 contiguous, 1-mm-thick axial slices; 1-mm?
in-plane resolution]; (2) 2D gradient echo, echo-planar
imaging (EPI) for task-based fMRI (TR 3000, TE 40 ms;
40 3-mm-thick axial slices with 0.3-mm gap, 3-mm? in-
plane resolution; 200 volumes, plus eight initial volumes to
allow for the system to reach steady state); (3) 2D gradient
echo EPI for resting state fMRI (TR 3020 ms, TE 50 ms;
32 3.5-mm-thick axial slices with 0.35 gap; 3.125-mm?
in-plane resolution; 190 volumes); (4) diffusion-weighted
(DW) pulsed-gradient spin echo-planar (TR 7000 ms;
TE 94 ms; 50 contiguous, 2.5-mm-thick axial slices; 2-mm?
in-plane resolution; diffusion gradients applied in 12 non-
collinear directions with a b value 900 s/mm?; number of
runs 2). A dual-echo, gradient echo field map sequence
(TE1=4.76 ms, TE2=9.52 ms) was also collected for cor-
recting geometric distortions inherent in EPI sequences.
All slices were acquired parallel to the subcallosal plane.

Motor-task fMRI analysis

Patients performed foot movements of plantar dorsiflexion
in separate acquisitions (10 blocks of active task versus



Journal of Neurology (2018) 265:1393-1401

1395

rest, 30 s each). Left and right feet were moved in sepa-
rate imaging acquisitions. All patients were trained on the
movement prior to as well as after being positioned in the
scanner. During the initial setup of the study, considerable
intra-subject variability was observed in patient capability.
As such, patients were instructed to perform the dorsi-
plantar flexion as quickly as possible while still maintain-
ing a fluid movement rather than using a fixed rate. During
the acquisition, foot movements were monitored to ensure
compliance.

Individual first-level task fMRI data were processed using
the functional MRI (fMRI) Expert Analysis Tool (FEAT)
Version 6.00, part of the FSL (FMRIB’s Software Library,
http://www.fmrib.ox.ac.uk/fsl). Pre-statistics processing
was applied as follows: motion correction; correction for
susceptibility-induced geometric distortions; brain extrac-
tion, spatial smoothing using a Gaussian kernel of full-
width half-maximum 5 mm; and high-pass temporal filter-
ing (Gaussian-weighted least-squares straight line fitting,
with sigma 50.0 s). The estimated motion parameters for
each participant were included as covariates of no interest
to reduce spurious activations due to head motion and scan-
ner drift. The resulting activation maps were normalized
via non-linear registration of the MP-RAGE to the MNI
2-mm brain template. Higher level (group) statistical analy-
sis was performed using FLAME (FMRIB’s Local Analysis
of Mixed Effects) and maps were thresholded using cluster
correction for multiple comparisons with a cluster-forming
threshold of Z> 2.3 and cluster-size significance of p <0.01.

Resting state fMRI analysis

Resting state fMRI data were pre-processed with motion
correction, correction for susceptibility-induced geometric
distortions and independent component analysis identifica-
tion using MELODIC software. Next, FMRIB’s ICA-based
Xnoiseifier (FIX) [21] was used to automatically classify
good and bad components. All FIX outputs were quality
controlled to ensure accurate classification. Then, each
participant’s cleaned data set was spatially smoothed with
a 5-mm full-width half-maximum Gaussian kernel, fil-
tered with a high-pass temporal filter (cut-off frequency of
0.01 Hz), co-registered to its structural scan and normalized
to the standard MNI152 space with 2x2 x 2 mm? resam-
pling. Next, the data were temporally concatenated across
subjects and sessions and group ICA was performed using
MELODIC. Out of 20 independent components obtained
with the group ICA, 14 of them were classified as resting
state networks and used in the dual regression approach [22]
and functional connectivity maps were subtracted from one
another to assess changes over the follow-up using a one-
sample ¢ test. We limited the assessment to only within the

sensorimotor network (defined by group ICA) to reduce the
number of statistical comparisons.

Diffusion tensor imaging analysis

Pre-processing of the diffusion data included correction for
eddy currents and subject with the eddy_correct tool, which
is part of FSL, and correction for susceptibility-induced geo-
metric distortions. The diffusion tensor was then computed
on a voxelwise basis and DTI-derived metrics of fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD), and radial diffusivity (RD) were obtained. Using non-
linear registration of probabilistic atlases, DTI parameters
were calculated within the corticospinal tract, cingulum,
and callosal body, as previously described [23]. Lesions
were excluded from the cost function during registration to
reduce their impact on the quality of the spatial normaliza-
tion. Moreover, atlas probability values were used as weight-
ing factor, such that voxels in the center of the tracts were
emphasized and areas with increased variability contributed
less to the final measure. This approach overcomes the diffi-
culty of tracking through white matter lesions that can occur
when using tractographic fiber bundle reconstruction. As an
exploratory analysis, we also performed tract-based spatial
statistics (TBSS) and compared changes within the white
matter skeleton between timepoints [24]. Nonparametric
permutation analysis was used as implemented in the ran-
domise tool (with 5000 permutations).

Statistical analyses

Statistical analyses were performed using SPSS (version
21; IBM Corp., Armonk, NY, USA). Between TO and T1,
changes in clinical outcomes were assessed using paired ¢
tests for patients who completed both timepoints. Repeated
measures designs were used in the group of patients that
completed all the three timepoints. Baseline differences
between patients who completed the study versus those
who did not were compared using the Student’s ¢ and
Kruskal-Wallis tests, as appropriate. Significance was set
at p <0.05. Correction for multiple comparisons in inves-
tigating clinical changes was performed using the Benja-
mini—-Hochberg procedure to control for the false discovery
rate.

Prior to enrolling the first patient, reliability of the MRI
post-processing pipelines was assessed in three MS patients
that were imaged twice in a week. The motor-task fMRI
elicited similar patterns and magnitude of activation, the
resting state fMRI analysis showed the same networks, and
DTI-derived metrics were highly correlated (intraclass cor-
relation coefficients > 0.9). Additional details are provided
in the Supplementary material.
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Results

Twenty-nine MS patients (65.5% female) were enrolled.
The CONSORT flow diagram of the study is depicted in
Fig. 1. At baseline, the mean age was 51.2 (SD 9.5) years,
mean disease duration was 17.2 (SD 6.7) years, and median
EDSS was 6.0 (range 4.5-6.5). Of the entire cohort, 12 had
relapsing—remitting MS (RRMS), 14 secondary progressive
MS (SPMS), and 3 primary progressive MS (PPMS). Two
RRMS patients had experienced a relapse in 6 months pre-
ceding the admission (T0), while 12 progressive MS patients
had a neurological deterioration in the same time frame.
When considering the interval between 7 and 12 months
before TO, 7 progressive patients had experienced a clinical
worsening, which continued during the following 6 months
in three of them. Ninety percent (26/29) of the patients com-
pleted the assessments at T1, and 55% (16/29) completed all
the three timepoints. Reasons for patient attrition were: early

discharge due to personal reasons (2), patient’s decision to
discontinue (3), lost to follow-up (2), and unwillingness to
travel long-distance back to the hospital for T2 assessment
(3).

Due to the limited sample size, and since no significant
group differences at T1 and T2 were found for clinical and
MRI results between patients undergoing resistance training
(n=14 at TO, 13 at T1, and 9 at T2) and those who under-
went endurance training (n=15 at TO, 13 at T1, and 7 at T2)
(data not shown), findings from the whole study cohort will
be reported hereafter.

Clinical results

The scores obtained at the scales/questionnaires at TO and
T1 are reported in Table 1. The static balance, represented
by the BBS score, significantly improved after rehabilita-
tion, as well as the walking endurance (2MWT). Changes

[ Enrollment ]

Assessed for eligibility (n=33)

Excluded (n=4)
+ Not meeting inclusion criteria (n=2)
» + Declined to participate (n=2)

Randomized (n=29)

[Resistance Training J

l [ Endurance Training ]

A 4

)

Allocation J N

A

Allocated to intervention (n=14)

+ Received allocated intervention (n=13)

+ Did not receive allocated intervention (early
discharge) (n=1)

Allocated to intervention (n=15)

+ Received allocated intervention (n=13)

+ Did not receive allocated intervention (early
discharge, patient’s decision to
discontinue) (n=2)

! [

Follow-Up ] y

J

Lost to follow-up (n=1)

Discontinued intervention (patient’s personal
decision, unwillingness to travel) (n=3)

Lost to follow-up (n=1)

Discontinued intervention (patient’s personal
decision, unwillingness to travel) (n=5)

Analysis ] \

Analysed at TO=14
Analysed at T1= 13
Analysed at T2 =9

Analysed ad TO=15
Analysed at T1=13
Analysed at T2 =7

Fig.1 CONSORT flow diagram representing the different phases of the study, from enrollment to data analysis
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Table 1 Clinical results
obtained from scales and

questionnaires at the baseline
(TO) and at the end of the
4-week rehabilitation period
(T1) for all the patients (26) that
completed all the evaluations at
both timepoints

Scales/questionnaires TO, mean (SD) T1, mean (SD) P
2-min walking test (m) 75.6 (37.3) 91.5 (48.0) 0.03
Timed 25 foot walk (s) 13.9 (7.6) 13.3 (10) 0.16
Berg balance scale 38.5(12.1) 42.6 (10.9) 0.006
Dynamic gait index 14.6 (4.5) 16.7 (4.1) 0.03
Modified fatigue impact scale 42.1 (18.3) 36.6 (21.7) 0.114
MS walking scale-12 item 31.7 (8.5) 27.5(9.0) 0.114

p values were derived from paired ¢ tests of the 26 patients that completed the assessments at TO and T1.
p values corrected for the false discovery rate (i.e., g values) are presented and those surviving a corrected
threshold of < 0.05 are shown in bold

SD standard deviation

of DGI, which reflects gait adaptability and fall risk, are
also consistent with the above-mentioned results. These
results remained significant even after controlling for the
false discovery rate. Patient-reported outcomes of walking
ability (MSWS-12) and fatigue (MFIS) improved, although
their changes did not reach statistical significance. Clinical
findings from patients who completed all study timepoints
are reported in Table 2. In this reduced sample of the entire
cohort, only the BBS score showed a statistically significant
improvement at T1, which was not maintained at T2. All the
other parameters showed a trend towards improvement at T1,
but were either stable or tended to revert back to the initial
value at T2. No baseline differences were detected between
patients who completed the study and those who did not.

Motor-task fMRI

Examining the plots of head movements following motion
correction did not reveal greater motion during the “task
active” period compared to the rest period. This was also
confirmed with visual inspection of the data.

There was a wide variability in the patterns of activa-
tion at TO: some subjects presented a more focal contralat-
eral activation mostly confined to motor areas, while others
showed a widespread, bihemispheric activation. Figures 2

and 3 represent the activated areas in response to the motor
task for all the individuals who completed it with both
feet. At a group level, at TO, patients demonstrated a dif-
fuse activation involving motor and somatosensory areas
in both hemispheres for both foot motor tasks (Figs. 2a,
3a). The peak activation, for the motor task of each foot,
was in the contralateral precentral gyrus. At T1, the group
showed a reduction of the scattered activation with a more
focal activation involving motor areas (Figs. 2b, 3b). The
direct comparison between subjects who completed the right
foot motor task at TO and T1 showed a significant reduction
in the activation of the left precentral gyrus (Fig. 4). The
same analysis comparing activation of the left foot at TO
and T1 did not yield any significant results. At T2, the group
reverted to the same pattern of activation at baseline, with no
significant differences in activation between TO and T2. The
patterns of activation and their changes over time were not
related to 2MWT, T25FW, MFIS scores or to the pyramidal
EDSS subscore.

Resting state fMRI
At T1, both the precentral gyrus (representing the primary

motor cortex) and the post-central gyrus (site of the pri-
mary somatosensory cortex) showed an increase of bilateral

Table 2 Clinical results

. Scales/questionnaires
obtained from scales and

TO, mean (SD)

T1, mean (SD) T2, mean (SD) )4

questionnaires at the baseline
(TO), at the end of the 4-week
rehabilitation period (T1) and
3 months later (T2) for all the
patients (16) that completed
all the evaluations at both
timepoints

2-min walking test (m)
Timed 25 foot walk (s)

Berg balance scale

Dynamic gait index

Modified fatigue impact scale
MS walking scale-12 item

79.7 (26.2) 92.3(27.9) 92.1(38.2) 0.289
12.2 (4.3) 10.4 (3.4) 10.8 (3.3) 0.289
41.4 (9.9) 44.2 (8.5) 424 (94) 0.289
15.0 (3.8) 16.8 (3.9) 16.1 (3.4) 0.289
40.8 (20.9) 32.5(21.4) 37.2(21.8) 0.289
30.6 (10.0) 25.3(10.1) 29.8 (9.6) 0.289

p values were derived from repeated measures designs that included the 14 subjects that completed the
assessments at all three timepoints. p values corrected for the false discovery rate (i.e., ¢ values) are shown

SD standard deviation
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Fig.2 Group activation maps of all the subjects completing the motor
task (plantar dorsiflexion) with the left foot at TO (a) and T1 (b).
Widespread bilateral activation was observed at TO, with peak activa-

tion in the right precentral gyrus. At T1, an overall reduction in the
extent and magnitude of activation was seen. The color bar represents
the Z score with warmer colors representing higher scores

Fig.3 Group activation maps of all the subjects completing the motor
task (plantar dorsiflexion) with the right foot at TO (a) and T1 (b).
Widespread bilateral activation was observed at TO, with peak acti-

connectivity, albeit significance was only at p ... <0.01.
Neither of these modifications were maintained ad T2.

Diffusion tensor imaging

None of the considered DTI measures showed a statisti-
cally significant modification, in any of the analyzed struc-
tures, either at T1 or at T2. However, a trend towards an
increase in FA was found in both the left (»p =0.061) and
right (p =0.067) cingulum at T1. The exploratory TBSS

@ Springer

vation in the left precentral gyrus. At T1, an overall reduction in the
extent and magnitude of activation was seen. The color bar represents
the Z score with warmer colors representing higher scores

yielded no areas of significant changes over time. Finally,
none of the changes in DTI parameters were related to clini-
cal measures.

Discussion

This study demonstrated a short-term positive effect of
intensive neuromotor rehabilitation of the lower limbs on
both clinical and functional MRI outcomes in MS patients
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Fig.4 Areas of significantly decreased activation at T1 versus TO for
the motor task (plantar dorsiflexion) of the right foot. As evidenced,
the changes were localized to the left precentral and post-central gyri.
The color bar represents the Z score with warmer colors representing
greater changes in activation

with mild-to-moderate disability, without any evidence of
structural brain modifications.

The traditional concept of the brain as a “static” organ
has recently been undermined by the evidence of not only
functional, but also structural changes in response to dif-
ferent stimuli. Different studies aimed to evaluate the abil-
ity of the brain to gradually adapt and reorganize itself in
response to a progressive tissue damage involving both white
matter (WM) and grey matter (GM) in MS [4, 5, 8, 25].
All the aforementioned studies described adaptive brain tis-
sue changes that aid in preserving functional abilities. Such
effects probably also account for the discrepancy between
the degree of disability and the amount of structural damage
as quantified by conventional MRI measures [26]. The fMRI
analysis of our patients at TO showed widespread bihemi-
spheric activation of several cortical areas in response to a
motor stimulus, i.e., the plantar foot dorsiflexion, although
the peak of activation was still, as expected, in the precentral
gyrus, site of the primary motor cortex. Considering the
level of disability and disease duration of our cohort, these
data might be explained by the occurrence of several clini-
cal relapses (i.e., episodes of acute brain damage) in their
past history and/or the persistence of a chronic, subtle tissue
damage, leading to a progressively broader recruitment of
different areas to adequately perform the motor task [6, 7,
27]. At the end of an intense neuromotor rehabilitation pro-
gram, completed in an inpatient setting, our cohort showed
a reduction in the extent of activation, although not statisti-
cally significant, with a more focal activation of the areas
specifically correlated with the execution of the motor task.
This seems to indicate that despite the relatively long disease

duration, adaptive mechanisms favoring the recovery of lost
or reduced functions are still potentially active, as previously
observed [25]. Indeed, we recently demonstrated that inten-
sive rehabilitation in MS can have a significant short-term
impact on brain functional reorganization even in the pres-
ence of superimposed tissue damage provoked by progres-
sive multifocal leukoencephalopathy [28]. Furthermore, the
direct comparison between T1 and TO of the right foot task
showed a significant reduction in the peak activation in the
contralateral primary motor cortex. Interestingly, a previous
study described the reduction of an abnormally high fMRI
activation in the recovery phase from an acute relapse, inter-
preting it as a positive adaptive mechanism leading towards
function recovery [4]. Another study demonstrated greater
peak activation in MS patients compared to HCs in the con-
tralateral dorsal premotor cortex as a response to thumb
movements [29]. Furthermore, peak activation in HCs was
reduced following a 30-min training session in that study.
Thus, reduced peak activation at T1 in our study might cor-
respond a form of “recovery” favored by rehabilitation. In
this context, attenuated activation might possibly reflect a
reduced need for an increased level of activity.

We also applied resting state fMRI to investigate pos-
sible modifications of the brain functional connectivity in
relation with rehabilitation. There are some reports on the
positive functional effect of cognitive training [10, 13] and
one describing an improvement in the balance of interhemi-
spheric connectivity in patients with reduced spasticity after
undergoing intermittent theta burst stimulation [30], but to
the best of our knowledge, this is the first study reporting on
resting state fMRI changes in MS related to motor rehabilita-
tion. The increased functional connectivity that we found in
the primary motor and sensorimotor cortex at the end of the
4-week rehabilitation period is in line with the clinical find-
ings showing an improvement in several scales and question-
naires involving gait function and balance, as well as with
the motor-task fMRI data. However, these results should be
interpreted with caution given that they did not survive a
more stringent correction for multiple comparisons.

The inpatient setting represents a unique environment in
which admitted patients can dedicate time to exercise train-
ing every day. This is important as MS subjects are less
physically active than non-diseased populations in their daily
life [31]. Furthermore, evidence coming both from healthy
individuals [32, 33] and MS patients (20) shows that struc-
tural changes related to learning new skills or exercise train-
ing are generally not maintained over extended periods of
time. In these studies, a reversion to baseline was seen after
the subjects were no longer regularly exposed to the stimu-
lus. To further support our findings, in a study in which GM
changes were still evident after 3 months, the participants
had also maintained their performance of the learned task
[34]. Therefore, our results could be interpreted considering

@ Springer



1400

Journal of Neurology (2018) 265:1393-1401

the difficulty to maintain the same level of physical activity
after discharge. However, since only 16 patients completed
all three timepoints, we cannot rule out the possibility that
the lack of significant differences between T2 and TO is a
result of the small sample size.

Contrarily to previous reports [18, 20], we did not detect
any structural modification of the brain tissue in response to
physiotherapy, which might be the consequence of the small
sample size and the relatively high drop-out rate. Another
possibility is that the we did not use tractographic recon-
struction as in the above-cited papers, but rather utilized
probabilistic atlases. In our cohort, the former approach was
not reliable in many subjects due to severe WM pathology.
However, a trend towards a bilateral increase of FA in the
cingulum was observed at T1, supporting the clinical finding
of a significant reduction of the MFIS score. Indeed, recent
findings point at the cingulum as a key structure involved in
subjective fatigue perception [35].

Our study is not without limits. First, the relatively small
sample size, related to budget limitations, along with the
high drop-out rate, likely had an impact on our statistical
power. This fact also prevented us from performing sub-
group analyses to compare subjects with different clinical
characteristics (e.g., active versus non-active disease, stable
versus worsening disease). Second, foot plantar dorsiflex-
ion is a difficult task to perform and maintain over time, as
the presence of muscle weakness, spasticity, and fatigabil-
ity might interfere with the performance. Nevertheless, our
key findings were in fact with task fMRI, whereas changes
detected using resting state fMRI and DTI were much
weaker. Finally, the lack of a control group of healthy sub-
jects limits our ability to draw firm conclusions about how
strong the changes were in terms of reduced activation in the
right foot motor task at T1.

In conclusion, our study demonstrates the short-term
beneficial effect of intensive neuromotor rehabilitation of
the lower limbs on several gait-related functions such as
endurance and balance, together with a subject improvement
mainly related to a decreased sensation of fatigue. Moreo-
ver, we showed the impact of motor rehabilitation on brain
plasticity, in terms of favorable functional changes related to
function recovery. These results should encourage additional
studies to help define evidence-based guidelines for better
rehabilitation approaches. In addition, such studies may also
identify relevant lifestyle changes that can ensure the persis-
tence of a long-term effect of physiotherapy for MS patients
affected by motor disability.
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