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Abstract

Introduction Modulation of neurodegeneration by physical
activity is an active topic in contemporary research. The
purpose of this study was to investigate changes in the
brain's microstructure in multiple sclerosis (MS) after
facilitation physiotherapy.

Methods Eleven patients with MS were examined using
motor and neuropsychological testing and multimodal MRI
at the beginning of the study, with second baseline
measurement after 1 month without any therapy, and after
a 2-month period of facilitation physiotherapy. Eleven
healthy controls were examined at the beginning of the
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study and after 1 month. Fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (\,x), and radial diffu-
sivity (Aaq) Were calculated for the whole corpus callosum
(CC) in the midsagittal slice of TIW 3D MPRAGE
spatially normalized images. Data were analyzed using
linear mixed-effect models, paired, and two-sample tests.
Results At the baseline, patients with MS showed signifi-
cantly lower values in FA (»p<0.001), and significantly
higher values in MD (»p<0.001), A, (p=0.003), and A..q
(»<0.001) compared to control subjects. The FA, MD, A,,,
and \,q did not change between the first and second
baseline examinations in either group. Differences
2 months after initiating facilitation physiotherapy were
in FA, MD, and in A4 significantly higher than differ-
ences in healthy controls (p<0.001 for FA, p=0.02 for
MD, and p=0.002 for A.4). In MS patients, FA in the CC
significantly increased (»<0.001), MD and A4 signifi-
cantly decreased (p=0.014 and p=0.002), and thus
approached the values in healthy controls.

Conclusion The results of the study show that facilitation
physiotherapy influences brain microstructure measured by
DTL

Keywords Multiple sclerosis - Rehabilitation - Facilitation
physiotherapy - Diffusion tensor imaging - Corpus callosum

Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of
the central nervous system (CNS) characterized by the
presence of multifocal inflammatory demyelination lesions
and axonal loss. MS-related pathological changes can
modify the integrity of white matter tracts, leading to
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diffusion tensor imaging (DTI)-detectable changes. The
disruption of myelin sheaths and axons can result in
increased water motion that in turn leads to increased mean
diffusivity (MD) values and a change in the preferential
direction of such motion that is responsible for decreased
fractional anisotropy (FA) values [1]. FA and MD are the
most frequently used scalar maps in DTI [2]. FA describes
the extent to which diffusion is directionally restricted and
MD represents a quantitative metric of average molecular
diffusion of water in a voxel [3]. Decreased FA and
increased MD in MS have been documented in normal-
appearing white matter and lesions as well [1, 4-9].

In MS, the corpus callosum (CC) is commonly affected
with direct inflammatory processes and secondary Waller-
ian degeneration located at the callosum or callososeptal
interface, as well as callosal atrophy [10]. The CC is the
biggest commissural bundle which connects both hemi-
spheres and plays an important role in the interhemispheric
communication of the brain.

Patients with MS have a lifelong need for physiotherapy
and exercise interventions due to the progressive nature of
the disease and their greater risk of complications of
inactivity [11], and we suppose that it is very important to
offer them the most appropriate and effective treatment, i.e.,
treatment that leads not only to improving clinical functions
but also to inducing adaptive and plastic processes in the
CNS—as was confirmed in recent research [12, 13]. It
seems that DTT is a good tool for measuring neuroplasticity
and repair following rehabilitation and physiotherapy [14—
16].

In this work, we compared FA, MD, axial diffusivity (the
largest eigenvalue—M\,,), and radial diffusivity (the average
of the two smallest eigenvalues—N\q) in the corpus
callosum using DTI in healthy controls and patients with
MS. Moreover, we assessed the impact of facilitation
physiotherapy. We investigated whether the therapy has an

Fig. 1 Design of the study in
months (0, 1, 2, and 3). 0 first
examination (DTI and PASAT)
performed at the beginning of

Months

MS patients

effect on the FA and MD in the corpus callosum, and on
clinical status (Paced Auditory Serial Addition Test, PASAT
3 and Expanded Disability Status Scale, EDSS) in patients
with MS over time.

Methods
Design of the study

Patients with MS underwent DTI examinations three times.
The first examination was at the beginning of the study.
The second examination was performed after 1 month
without physiotherapy. This measurement of patients
without physiotherapy served as a control measurement
(second baseline) to assess the effect of physiotherapy over
the subsequent period. The third examination was per-
formed at the end of the study after 2 months of
physiotherapy. The control subjects (healthy) underwent
two DTI examinations 1 month apart without any changes
in their habits. Together with all DTI examinations, PASAT
was measured to assess cognitive functions. In MS patients,
EDSS was also measured during the second and third
examinations to assess impairment (Fig. 1, Tables 1 and 2).

Patient selection and characteristics

Eleven right-handed [17] patients with confirmed multiple
sclerosis according to the revised McDonald criteria [18]
were randomly selected from the MS Center database
(Department of Neurology, Third Medical Faculty Charles
University and Royal Vinohrady Teaching Hospital in
Prague), based on the criteria for inclusion in the study:
both genders, suffering from relapsing—remitting (RR) MS,
stability of clinical status in the preceding 3 months,
minimum of 2 years on immunomodulatory drugs (glatir-

%]
e

the study in MS and in healthy
controls, / second examination
(DTI and PASAT) performed
after 1 month without physio-
therapy in patients (this mea-
surement of patients without
physiotherapy served as control
measurement, second baseline)

examination 1 ——°

DTI,PASAT

Without physiotherapy

Healthy controls

Facilitation physiotherapy

examination 2 esg= =
DTI,PASAT,EDSS
examination 3
DTI, PASAT,EDSS

and in healthy controls, 3 third
examination performed at the
end of the study 2 months after
initiating physiotherapy

examination 1 —=
DTI,PASAT

@ Springer

Without physiotherapy

examination 2 eg=
DTI,PASAT



Neuroradiology

Table 1 Group characteristics

GA glatiramer acetate, MX
mitoxantrone, /FN{3-1a interfer-
on beta-la, IFN(-1b interferon

Group characteristics MS patients (mean+SD) Control subjects  p value
(mean+SD)

Age (years) 43.27+9.28 39.45+12.2 0.43

Sex (men/women) 4/7) (3/8)

Disease duration (years) 6.10+£2.34

EDSS at the beginning of the study  3.50+0.80

Number attacks last year 0.20+0.44

beta-1b, SD standard deviations,
EDSS Expanded Disability Sta-
tus Scale

Immunomodulatory drug treatment

2 GA, 1 MX, 1 IFNf3-1a, 7 IFN{3-1b

amer acetate, interferon beta-1a, interferon beta-1b, mitox-
antrone), persisting motor impairment, ability to move
independently and walk at least 200 m with two canes
(EDSS <5), and indication and ability to undergo outpatient
physiotherapy (e.g., motivation to actively cooperate,
ability to come for regular sessions). For each patient, an
age- and sex-matched healthy control was chosen. All
subjects agreed with participation in the study and provided
written informed consent to the study. The study was
approved by the Czech ethics committee of the Third
Medical Faculty of Charles University in Prague.

Physiotherapy

Patients with MS underwent the so-called facilitation
physiotherapy sessions guided by experienced physiothera-
pists. Sensorimotor stimuli (adaptive resistance, verbal
command, and maximal stretching of muscle groups before
movement) were applied repetitively in standard postural
positions and motor functions (sitting, standing up, sitting
down, standing, and walking). Patients received therapy for

the exact period of time (2 h per week with an overall
duration of 2 months). Patients were instructed to use the
principles learned during physiotherapy sessions at home
during daily activities [19, 20].

Examinations
Clinical examinations

Basic characteristics of patients (duration of the disease,
number of attacks during the past year, and information about
treatment) were determined by an independent neurologist at
the beginning of the study (Table 1). All subjects were
examined by an independent (blinded to treatment) skilled
examiner using the PASAT 3 and the EDSS.

EDSS is a method of quantifying disability in MS in
eight functional systems. EDSS steps 1.0-4.5 refer to
people with MS who are fully ambulatory. EDSS steps
5.0-9.5 are defined by the impairment of ambulation [21].
PASAT 3 is a measure of cognitive function that assesses

Table 2 DTI, PASAT, and EDSS in MS patiens (MS) and control subjects (C) for measurements 1, 2, and 3: mean values and standard deviations (SD)

MS1 MS2 MS3 Cl C2

FA Mean 0.52 0.51 0.55 0.68 0.67

SD 0.07 0.08 0.08 0.02 0.02
MD Mean 1.20 1.18 1.13 0.86 0.86

SD 0.21 0.20 0.21 0.05 0.04
Aax Mean 1.89 1.86 1.86 1.64 1.64

SD 0.21 0.18 0.20 0.07 0.07
Arad Mean 0.86 0.84 0.77 0.46 0.47

SD 0.22 0.21 0.22 0.04 0.04
PASAT Mean 43.00 45.73 49.36 51.40 51.60

SD 13.66 12.63 9.65 9.22 8.11
EDSS Mean 3.59 341

SD 0.86 0.94

FA fractional anisotropy, MD mean diffusivity (<10 mm?/s), A, axial diffusivity (x10> mm?/s), A4 radial diffusivity (<10 mm?/s), MSI
diffusion indices measured in MS at the beginning of the study (examination 1), MS2 diffusion indices measured after 1 month without
physiotherapy (this measurement in patients served as their own controls, examination 2), MS3 diffusion indices measured at the end of the study
2 months after initiating physiotherapy (examination 3), C/ diffusion indices measured in healthy controls at the beginning of the study
(examination 1), C2 diffusion indices measured in healthy controls at 1 month apart without any changes in their habits (examination 2), PASAT
Paced Auditory Serial Addition Test, EDSS Expanded Disability Status Scale
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working memory, auditory information processing speed
and flexibility, and calculation ability [22].

MRI acquisition protocol

All subjects in this study underwent MRI examinations on a
3T MR scanner (Siemens Magnetom Trio, Erlangen,
Germany) using a 12-channel, phased-array head coil with
the following protocol:

1. T;-weighted (T1W) 3D magnetization-prepared rapid
acquisition gradient echo (MPRAGE) with the follow-
ing parameters: voxel size of 0.85x0.85x0.85 mm®,
192 sagittal slices, echo time (TE) of 4.73 ms,
repetition time (TR) of 2,000 ms, flip angle of 10°,
and field of view (FOV) of 326 mm.

2. 3D T,-weighted fluid-attenuated inversion recovery
(FLAIR) with the following parameters: voxel size of
I1x1x1 mm’, 176 sagittal slices, TE of 422 ms, TR of
6,000 ms, and FOV of 256 mm.

All patients demonstrated typical multiple ovoid
(Fig. 2) or confluent (Fig. 3) lesions in the periventricular
and juxtacortical white matter. Two months after
initiating facilitation physiotherapy, there were no new
lesions visible in FLAIR images (Fig. 4).

3. Diffusion-weighted images using spin-echo echo-planar
imaging (SE EPI) sequence with the parameters: voxel size
of 2x2x2 mm’, TR of 6,000 ms, TE of 93 ms, 44 axial
slices, three averages, FOV=256 mm, number of
diffusion directions 20, and two b values: 0, 1,000 s/mm?.

DTI analysis

The DTI data were corrected for distortions and eddy
current effects using FSL (www.fmrib.ox.ac.uk/fsl/index.

html). The b=0 EPI images of the DTI image set were co-
registered to T;-weighted 3D MPRAGE to obtain the co-
registration matrix, which was subsequently applied to
other EPI diffusion images. The EPI and T1W 3D
MPRAGE co-registered images were then normalized to a
T1 template. The co-registration and spatial normalization
was done using SPMS8 (http:/www.fil.ion.ucl.ac.uk/spm/
software/spm8). The normalized DTI indices (FA, MD, A,,,
and \.q) were then calculated using MedINRIA (Asclepios
Research Project—INRIA Sophia Antipolis, http://www-
sop.inria.fi/asclepios/software/MedINRIA). The regions of
interest (ROIs) of the corpus callosum for FA and other
DTI indices calculation were manually selected in the
midsagittal slice of the TIW 3D MPRAGE normalized
image (Fig. 5). For accuracy, the same ROI of the CC was
used for each subject at the beginning and the end of the
study (the ROIs geometries of the CC were copied and
pasted).

Visual perception and counting of lesions

For better spatial resolution and counting of the number of
brain lesions, the 3D T2-FLAIR images were co-registered
to T1-weighted 3D MPRAGE. All detectable hyperintense
lesions on T2-FLAIR images matching hypointense lesions
on MPRAGE images were identified and counted in the 3D
image viewer (MedINRIA, version 1.9.0).

Statistical analysis

The first and the second measurement in MS patients
together with both measurements in healthy controls were
used to describe the changes without physiotherapy and
differences in the two groups at the baseline (Tables 3
and 4): a two-sample ¢ test was used to compare the two
groups in differences between measurements. A paired

Fig. 2 Axial and sagittal T2-FLAIR images of a 51-year-old woman with MS demonstrate typical multiple ovoid hyperintense lesions in the

periventricular and juxtacortical white matter
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Fig. 3 Axial and sagittal T2-FLAIR images of a 31-year-old man with MS demonstrate typical confluent periventricular lesions in the white matter

t test was used to test the differences between repeated
measurements. A two-sample ¢ test was used on the
average between the two measurements to test the
difference between groups at the baseline. Nearly the
same p values were obtained by F tests in the linear
mixed-effect model with random patient effect. The three
tests mentioned above correspond to tests of the group x
measurement interaction, measurement effect, and group
effect, respectively.

The second and the third measurement in MS patients
together with the two measurements in healthy controls
were used to describe the changes in patients after
physiotherapy (Table 5): the two-sample ¢ test was used
on differences to show that the changes are significantly
different (higher) in MS patients than in healthy controls.
The p value was almost the same as in the F test of group x

measurement interaction in the mixed-effect model. The
paired ¢ test with one-sided alternative was used in MS
patients to test the improvement after therapy. The same test
with two-sided alternative was used in healthy controls to
test the change between the two measurements.

Since we do not assume normality of EDSS, paired
Wilcoxon test was used to test the difference after
physiotherapy. PASAT measurement in one healthy control
was detected to be significantly outlying observation
(Grubbs test [23], p<0.001) and was therefore deleted from
analyses.

Statistical analyses were performed in environment R
(http://www.R-project.org) [24], using package nlme [25]
and outliers (http://CRAN.R-project.org/package=outliers)
[26]. Differences were judged statistically significant for p
value less than 0.05.

Fig. 4 Sagittal FLAIR images of a 55-year-old woman with MS show
multiple ovoid hyperintense lesions in the white matter with
immediate contact to the lateral ventricles. Sagittal FLAIR images
acquired at the beginning of the study (F1), after 1 month without

physiotherapy (F2), and at the end of the study 2 months after
initiating physiotherapy (F3) demonstrate the stable number of the
lesions during this study

@ Springer



Neuroradiology

Fig. 5 The regions of interest of the corpus callosum were manually
selected in the midsagittal slice of the TIW 3D MPRAGE normalized
image

Results

All patients finished the study, and no patients manifested
relapses during the follow-up. The basic characteristics of the
controls and patients are shown in Table 1. There were no
significant differences in basic characteristics between
patients and control subjects in sex and age at the beginning
of the study.

Comparison of patients and controls without changing
their habits

FA and MD in the ROI of the corpus callosum

There were no significant changes observed in FA, MD, \,,,
and \.q between the first and the second examination in
either group. At the baseline, patients with MS showed
significantly lower values in FA in the selected region of the
CC (p<0.001) and significantly higher values in MD (p<
0.001), A\x (p=0.001), and in A\.q (p<0.001) compared to
control subjects (Table 4).

PASAT 3

At the baseline, the PASAT 3 mean score was lower in
patients compared to control subjects; however, due to high
variability, the differences were not significant (p=0.231).
There was a trend for different change in the two groups
between the two measurements (p=0.085, Table 4). While
the healthy controls did not change between the two
measurements (p=0.842, Table 5), the MS patients im-
proved significantly (p=0.02), reflecting a possible learning
effect of this test.

The number of lesions per patient

The total number of lesions per patient in all regions: mean+
SD (range) was 39.3+£21.8 (11-80). The lesions were found
predominantly in periventricular regions 15.6+7.4 (4-27),
deep WM 12.4+11.7 (2-37), juxtacortical regions 2.3+2.1
(0—4), subcortical WM regions 6.0£6.5 (1-20), corpus
callosum 2.4+1.2 (04), and in infratentorial regions 1.1+
1.0 (0-2).

Changes in patients after physiotherapy and comparison
to changes in controls

FA and MD in the ROI of the corpus callosum

Differences 2 months after initiating facilitation physiother-
apy were in FA, MD, and in A4 significantly higher (p<
0.001 for FA, p=0.024 for MD, p=0.002 for \.q) than
differences in healthy controls. In MS patients, FA in the
CC significantly increased (p<0.001) and MD and A4
significantly decreased (p=0.014 and p=0.002), and thus
approached the values in healthy controls (Table 5). There
were no significant changes in axial diffusivity in MS after
facilitation physiotherapy.

Table 3 Mean and standard

deviation (SD) of differences MS2-MS1 MS3-MS2 C2-Cl
between measurements in MS
patients and healthy controls FA Mean -0.01 0.04 0.00
SD 0.02 0.02 0.01
MD Mean -0.02 -0.05 0.00
SD 0.07 0.06 0.03
Aax Mean -0.04 0.00 0.00
SD 0.07 0.07 0.05
Arad Mean —0.02 —0.08 0.01
MS2-MS] differences between SD 0.07 0.07 0.02
measurements 2 and 1 in MS
PASAT M 3.30 3.64 0.20
patients, MS3-MS2 differences ean
between measurements 3 and 2 SD 4.37 6.02 3.08
in MS patients, C2-C1 differ- EDSS Mean —-0.18
ences between measurements 2 SD 0.34

and 1 in healthy controls
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Table 4 The p values of statistical tests performed on data of the first two measurements in MS patients (MS1, MS2) and the two measurements

of healthy controls (C1, C2)

Tested effect Used test FA MD Aax Arad PASAT
Group x measurement Two-sample ¢ test used on differences 0.763 0.262 0.170 0.394 0.085
Measurement Paired ¢ test for measurement 1 vs. 2 for all together 0.098 0.388 0.163 0.668 0.066
Group Two-sample ¢ test used on mean of measurements <0.001 <0.001 0.003 <0.001 0.231

Group x measurement interaction between group effect and measurement effect

PASAT 3 and EDSS

Although the MS patients did not differ significantly in the
differences after physiotherapy from differences between
the two measurements in healthy controls (p=0.116) in
PASAT 3, the MS patients improved significantly after the
physiotherapy (p=0.037), while healthy controls did not
change (p=0.842, Table 5). There was a trend towards
improvement in EDSS (p=0.087).

Discussion

The CC is a very well-organized and densely packed fiber
structure having high FA in the normal condition, so it is
likely that changes may also be more markedly manifested
once pathology occurs [27]. For these reasons, this study
focused on the DTI measurement and evaluation of the CC.

The baseline results in our study are consistent with
previous FA and MD findings in the CC of patients with
MS in most studies [8, 28-30] that show ultrastructural
damage characterized as increased MD and reduced FA
values. Lenzi et al. [1] found increased MD and reduced FA
values in particular in the CC part through which
connections between sensorimotor and premotor areas pass.

Several longitudinal DTI studies in patients with MS
have been published [31-34]; however, their results have
not provided a clear pattern—some found DTI changes
over time in grey matter [33], some in white matter [34].
Some did not detect any changes when comparing patients
with early MS and controls at baseline, but diffusion
abnormalities were markedly apparent over 12 months
[35]. In recent years, longitudinal studies gained higher

power to detect subtle abnormalities due to the develop-
ment of improved DTI acquisition sequences.

From the literature results, it follows that DTI in healthy
controls [6] and MS patients [7], mainly early relapsing—
remitting multiple sclerosis (RR MS) [35], gives reproduc-
ible quantitative results of FA and also that FA in RR MS
does not change over time, whereas in progressive MS [31,
32], DTI parameters do change over time. Cassol et al.
(2004) even described fluctuating changes in FA during six
measurements in 1 year. At 0 and 3 months, the FA was
abnormal, while at 1, 6, 9, and 12 months, there was a
return towards control histogram values [29].

In this study, we confirmed that FA and MD in the ROIs
of the CC did not change over a month in healthy controls.
To our best knowledge, there is no published study
monitoring FA and MD before and after facilitation
physiotherapy in patients with MS. Based on Le Bihan's
[36] finding that short-term changes in diffusion can occur
upon brain activation, we expected changes of the FA and
MD in MS patients. In agreement with this expectation, an
increase in the FA and a decrease in MD values after
2 months of facilitation physiotherapy were observed in the
whole selected ROI of the CC.

Clinical and neuropsychological measures

Over the treatment period, MS patients showed a trend for
improvement in the major clinical parameter, EDSS. There
is also evidence that CC dysfunction in MS may have a
negative impact on cognitive performance, e.g., in callosal-
mediated tasks where the impairment correlates with CC
atrophy [37]. Because of the reported associations between
dysfunction of interhemispheric cooperation and neuropsy-

Table 5 p values of statistical tests performed on data of the last two measurements in MS patients (MS2, MS3) and the two measurements of

healthy controls (C1, C2)

Tested effect Used test FA MD Aax Arad PASAT
Group X measurement Two-sample 7 test used on differences <0.001 0.024 0.910 0.002 0.116
Measurement in C Paired for measurement 1 vs. 2 in controls, two sided 0.937 0.693 0.966 0.336 0.842
Measurement in MS Paired for measurement 2 vs. 3 in MS, one sided <0.001 0.014 0.543 0.002 0.037

Group x measurement interaction between group effect and measurement effect
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chological [38] or cognitive [39] functions, we decided to
test cognitive functions, using PASAT 3, a test frequently
used in MS, which shows lower values in patients with MS
than in controls [40, 41]. In this study, at baseline, we found
lower values of PASAT 3 in MS patients than in healthy
controls (Table 2). However, these differences were not
significant, partially because of the high wvariability of
values and low number of patients. While the healthy
controls did not change significantly between measure-
ments, the MS patients showed significant improvement.
Since the MS patients also improved without therapy, we
ascribe this partially to a learning effect [42]. We assume
that the learning effect is smaller in healthy controls
because they can use their potential for learning improve-
ment before the first measurement during the instruction
procedure given to both groups. Observed improvement in
clinical functions after therapy corresponds to our previous
studies [13, 43]. In future, patients should be tested for
PASAT several times before entering the study to eliminate
learning effect.

The mechanisms of facilitation physiotherapy can be
understood as follows: stimuli applied during the treatment
aim at the activation of deeply encoded programs of the
CNS. These programs integrate genetically determined
factors of motor behavior, muscle activity encoded in
motor patterns, and automatic reactions of the motor system
to afferent stimulation that mature during the course of
postural ontogenesis [20, 44]. For example, there is
evidence for the existence of central pattern generators of
locomotion on spinal, brainstem, and higher CNS levels
[45]. Repetitive activation of the motor program modifies
and strengthens the cortical engram—a widely distributed
group of neurons comprising multiple smaller functional
groupings that tend to fire synchronously during a
movement [46—49]. This mechanism probably initiates
plastic and adaptive processes in the CNS [49-52]. In this
study, significant changes of FA and MD have been
confirmed. We are convinced that it is probably due to the
introduction of the role of facilitation physiotherapy on
plastic and adaptive processes of CNS.

Neuroplasticity is an important mechanism that enables
the CNS to limit clinical manifestations of MS by reorgan-
izing itself [53, 54]. Plasticity can occur at the axon,
neuron, and synapse or system level. DTI is a technique
that can provide a marker of axonal integrity [55], and its
repetition during rehabilitation and correlation with long
clinical outcome may add to understanding of the mecha-
nisms of neuroplasticity and repair operating during
recovery [14, 56].

Matthews et al. [57] considered brain changes with
spontaneous recovery after brain injury or induced
recovery of neurorchabilitation in the context of healthy
brain changes with learning—brain structure and function

@ Springer

can change with shifting goals or strategies or injury to a
functional system. Facilitation physiotherapy in this and
our previous studies is based on sensorimotor learning and
uses its stimuli to activate programs in the CNS [58, 59].
Sensorimotor learning can be perceived as a form of
synaptic plasticity where the changes in synaptic connec-
tion become a physiological substrate for retaining a piece of
information in one's memory. Sensorimotor learning, i.e.,
rehabilitation, may influence the interconnection of
neural networks [60] in the context of general molecular,
cellular, and behavioral mechanisms for recovery: (1)
repair (new oligodendroglial cells from progenitors and
remyelination, restoring normal conduction and glial
trophic support for axons), (2) compensation (behavioral
changes leading to an altered strategy for completing a
task), and (3) adaptation (recruitment of new systems)
[57]. Adaptive changes involve three main mechanisms:
(1) the unmasking of existing but latent horizontal
connections, (2) the modulation of synaptic efficacy, such
as long-term potentiation or long-term depression, and (3)
experience-dependent increases in dendritic spines and
synaptogenesis [61].

In MS, neuroplasticity on a system level as a result of
neurorehabilitation has been studied. Morgen et al. (2004)
showed that when training the motor functions with MS
patients, there happens cortical reorganization of motor
neuron networks, but on a lesser scale than in healthy
subjects. In our pilot study [19], we were able to prove
interesting changes when evaluating the amplitude of the
signal in relation to neurological treatment which we
interpreted as an improvement in the cooperation of brain
hemispheres. Similarly, in today's research [62], we
confirmed the dysfunction of interhemispheric cooperation
in multiple sclerosis and showed the possibilities of
influencing it through neurorehabilitation as well as aerobic
training.

The significant increase in the radial diffusivity in MS
at baseline compared to controls and its following
decrease after 2 months of physiotherapy observed in
our study may be associated with demyelination and
remyelination processes in axons as described by Song et
al. [63, 64].

The possibility to actively and purposely induce neuro-
plasticity is very promising for the future to promote
functional recovery but needs to be verified in further
research. For the future, it would be useful to add another
follow-up examination several months after cessation of
physiotherapy to evaluate the long-term maintenance of the
observed effects and to evaluate potential effect. Moreover,
correlations with more clinical outcomes should be ana-
lyzed. The time period between measurements should be
identical. Finally, a higher number of probands should be
included in the study.
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Conclusions

At baseline, we observed significant differences in FA
(decreases) and MD (increases) values in the selected ROI
of the CC in MS patients compared to control subjects.
Diffusion indices (FA, MD, ., and \.,4) did not change in
healthy controls, whereas they significantly improved (FA
increased, and MD and A4 decreased) in patients who
underwent 2-month facilitation physiotherapy. The results
of this study show that facilitation physiotherapy influences
brain microstructure measured by DTI—MRI measures that
have been proposed as biomarkers of tissue damage in MS.
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