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Neuroplasticity, which is the ability of the brain to adapt to internal and external environmental changes, physiologically occurs
during growth and in response to damage. The brain’s response to damage is of particular interest in multiple sclerosis, a
chronic disease characterized by inflammatory and neurodegenerative damage to the central nervous system. Functional MRI
(fMRI) is a tool that allows functional changes related to the disease and to its evolution to be studied in vivo. Several studies
have shown that abnormal brain recruitment during the execution of a task starts in the early phases of multiple sclerosis. The
increased functional activation during a specific task observed has been interpreted mainly as a mechanism of adaptive plasticity
designed to contrast the increase in tissue damage. More recent fMRI studies, which have focused on the activity of brain
regions at rest, have yielded nonunivocal results, suggesting that changes in functional brain connections represent mechanisms
of either adaptive or maladaptive plasticity. The few longitudinal studies available to date on disease evolution have also yielded
discrepant results that are likely to depend on the clinical features considered and the length of the follow-up. Lastly, fMRI has
been used in interventional studies to investigate plastic changes induced by pharmacological therapy or rehabilitation, though
whether such changes represent a surrogate of neuroplasticity remains unclear. The aim of this paper is to systematically review
the existing literature in order to provide an overall description of both the neuroplastic process itself and the evolution in the
use of fMRI techniques as a means of assessing neuroplasticity. The quantitative and qualitative approach adopted here ensures
an objective analysis of published, peer-reviewed research and yields an overview of up-to-date knowledge.

1. Introduction neuroplasticity, reveals modifications in task condition

(t-fMRI), with altered activation or deactivation patterns

Neuroplasticity, which is the ever-changing adaptation of the
brain to new conditions, is a key factor in the pathophysiol-
ogy of MS, a central nervous system immunity-mediated
disease. MS-related changes, at the level of synaptic transmis-
sion, gene expression, and structural and functional organi-
zation at different scales, can be promoted or impeded by
the action of immunity, inflammation, drugs, and rehabilita-
tion [1]. However, neuroplastic potential appears to be pre-
served even under widespread damage and can contribute,
with the right interventional drive, to restoration and recov-
ery [2]. Functional MRI (fMRI), a noninvasive approach for
studying large-scale brain networks that has been used ever
since it was introduced to assess MS-related evidence of

and the recruitment of additional brain areas being observed
in all functional domains [3, 4]. The advent of resting-state
condition scanning (r-fMRI) has allowed the assessment of
functional connectivity (FC), the identification of specific
resting-state networks (RSNs), and the evaluation of relevant
functional alterations in MS, both within and between net-
works [5]. In recent years, both t-fMRI and r-fMRI have been
used in cross-sectional and longitudinal statistical designs,
usually controlled against healthy subjects, either with or
without disease-modifying therapy or rehabilitation inter-
ventions, to assess disease-specific changes. Several heteroge-
neous approaches to data analysis have been developed to
apply models from sectors such as time series and source
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analysis and graph theory, with a priori assumptions or
data-driven methods, to search for correlations or causality
in the characterization of connectivity. Moreover, an assess-
ment of neuroplasticity at this level of large-scale brain net-
work level needs to be based on correlations with clinical,
behavioural, and structural parameters if observations are
to be interpreted correctly. Indeed, there is a relevant
gap in the interpretation of fMRI changes to demonstrate
the adaptive or altered nature of changes. Dysfunctional
neuroplasticity may manifest itself at some point in the
history of the disease, disrupting global and/or specific
brain networks, and may play an important role in overall
clinical deterioration [6]. Evaluating whether plastic
changes are beneficial or detrimental is highly challenging,
owing above all to the complexity and dynamicity of the
underlying processes, which may or may not lead to clin-
ical manifestations. This is also the reason why there are
as yet no definitive applications for fMRI findings in clin-
ical decision-making, a breakthrough the neurological
community has long been awaiting.

The aim of this systematic review is to determine the sta-
te-of-the-art importance in fMRI-based assessments of neu-
roplasticity in relation to MS-induced changes. For this
purpose, we considered all the scientific papers published in
the literature, analyzing them according to both the tech-
nique (t-fMRI or r-fMRI) and study design (cross-sectional,
longitudinal, or interventional) adopted.

2. Methods

We searched two electronic databases (PubMed and Scopus),
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA), using the following
terms: plasticity OR neuroplasticity OR reorganization OR
reorganisation OR compensatory OR compensation AND
multiple sclerosis AND “fMRI.” The last search was under-
taken on the 4™ of April 2018, and no restrictions were
applied to the article type or time period.

To identify further articles, we searched the study ref-
erences, including references from original articles and
reviews that emerged from the search. We are not aware
of other studies that fall within the scope of this review
except for a paper from our group that has been included
in the present analysis.

Once the documents identified in the two databases had
been screened to exclude reviews, the two series were checked
to exclude double counting. Abstracts were examined to
ensure that the eligibility criteria were fulfilled. Any case
reports, articles not written in English, or articles that
included patients affected by neurological conditions other
than multiple sclerosis were excluded. Furthermore, since
the aim of this review was to summarize the contribution of
fMRI to the study of brain plasticity in MS, we also excluded
articles designed to assess fMRI activity in the spinal cord
or MS-related plasticity using techniques other than MRI
and articles that exclusively evaluated methodological or
theoretical aspects. Lastly, we only considered studies per-
formed on adult subjects to exclude articles in which a
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possible contribution of CNS development to neuroplasti-
city was considered.

This procedure was carried out by three investigators,
two of whom (LDG and ST) independently examined the
abstracts; in case of disagreement, a third, more experienced
author (PP) made the final decision after examining the
whole paper.

Information on selected articles was recorded on an elec-
tronic spreadsheet (LDG) and labelled according to the fMRI
protocol and study design used. This led to the following six
paper categories being identified: t-fMRI cross-sectional, lon-
gitudinal, and interventional studies and r-fMRI cross-sec-
tional, longitudinal, and interventional studies.

We applied a customised set of criteria, adapted from
those used by Welton and colleagues [7], to assess the scien-
tific quality of the selected papers and to identify any possible
sources of bias. A checklist of ten questions was created and a
point was assigned for each quality criterion fulfilled; a max-
imum score of 10 points could thus be attained.

To evaluate the evolution of the methodologies over
time, Spearman’s correlations were performed between
the year of production and paper categories. To compare
the quality of the paper categories, we also performed a
two-tailed, alpha =0.05, Wilcoxon test between the entire
r-fMRI and t-fMRI groups. Lastly, to define those elements
in the quality assessment that improved within the time
period considered, Spearman’s correlations were performed
between the year of production and the average result per
year of each question, e.g., in the year 2011, two out of 7
papers received 1 point for question 1, yielding an average
of 0.3.

3. Results

The selection process is summarized in Figure 1. As there
was never any disagreement in the evaluation of the
abstracts, the opinion of the more experienced evaluator
Wwas never necessary.

Briefly, we initially found 120 documents in the PubMed
database and 156 in that of Scopus. After excluding the
reviews, we obtained 92 papers from PubMed and 90 from
Scopus. A comparison of the two search results showed that
68 papers were present in both. Therefore, once the dupli-
cates were excluded, a total of 114 abstracts were checked
for exclusion criteria and 86 papers were selected.

Lastly, 7 documents were added from the references of
selected papers. Ninety-three papers were analyzed in this
review and included in the qualitative analysis.

The fMRI images in 71 studies were acquired during the
performance of a task: the majority (n =55, 21 of which were
based on motor tasks and 34 on cognitive tasks) were
cross-sectional studies, 5 were longitudinal, while 11 were
based on a pharmacological or training intervention.

The fMRI images in the remaining 22 studies were
acquired at rest: 16 were cross-sectional studies, 2 were
longitudinal, while 4 were based on a pharmacological or
training intervention.

Cross-sectional fMRI during a motor task was the first
type of functional investigation to be performed in 2000
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N
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(i) Cross-sectional n =56
(ii) Longitudinaln =5
(iii) Interventional n =11

FiGUrE 1: Work flow chart.

and has been the most commonly used since then, followed
in time by cross-sectional cognitive fMRI, longitudinal fMRI,
and interventional task-based fMRI. Cross-sectional fMRI
during the performance of a cognitive task has produced
the largest amount of literature, with a total of 37 papers
being published and the peak occurring in 2011. After
r-fMRI was introduced in 2011, cross-sectional studies based
on this technique peaked in 2012 and longitudinal and inter-
ventional investigations took off thereafter (yearly produc-
tion shown in Figure 2).

Quality assessment showed that cross-sectional t-fMRI
studies during the performance of a cognitive task underwent
a significant improvement over time (r = 0.44, p < 0.05 cor-
rected for multiple comparison). Group comparison showed
an overall better quality in r-fMRI than in t-fMRI studies
(p <1074, Figure 3).

Sample size (Q2: r=0.5, p<0.03), magnetic field
strength (Q5: 7 =0.7, p < 0.01 corrected for multiple compar-
ison), use of covariates of no interest in the statistical analysis
(Q7: r=0.8, p<10™* corrected for multiple comparison),
studies of correlation between functional outcome and clini-
cal scores (Q8: r=0.5, p<0.03), and clear statement of

research limits (Q10: r=0.8, p <107 corrected for multi-
ple comparison) were the checklist criteria that improved
over time.

3.1. Task-Related fMRI Studies

3.1.1. Cross-Sectional. We identified 55 task-related
cross-sectional fMRI studies, comprising 21 studies per-
formed during the execution of a motor task and 34 studies
during the execution of a cognitive task (Table 1).

(1) Motor Task. A number of different protocols have been
used to explore the function of the motor system: scans were
generally obtained during a finger flexoextension hand
movement; in other studies, scans were obtained during the
“thumb-to-finger” movement, consisting in the repetition
of the thumb opposition against the index or the sequential
opposition of all the fingers against the thumb. In most stud-
ies, movements were executed with the dominant hand.
Despite the differences in the task used, the findings in
the literature do converge on some key points. Patients
exhibited greater cortical activation than healthy subjects
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FIGURE 2: Paper distribution over time. Number of papers published every year from 2000 to 2018, divided according to both the technique
(t-fMRI or r-fMRI) and study design (cross-sectional, longitudinal, or interventional).
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FI1GURE 3: Quality assessment (QA). Distribution of quality scores
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lines the outliers. On X axes: A: cross-sectional motor t-fMRI; B:
cross-sectional cognitive t-fMRI; C: longitudinal t-fMRI; D:
interventional t-fMRI; E: cross-sectional r-fMRI; F: longitudinal
r-fMRI; G: interventional r-fMRI.

(HS), often involving motor areas in both cerebral hemi-
spheres, in all disease forms, i.e., clinically isolated syndromes
(CIS) [8-11] and relapsing-remitting (RR) [12, 13], second-
ary progressive (SP) [14, 15], and primary progressive (PP)
[16-18] MS. Studies that evaluated cortical activation in
patients who had completely recovered from a single
relapse provided new insights into functional reorganiza-
tion after acute brain damage by showing a wider motor
activation that also involves the ipsilateral hemisphere
compared with HS [8, 19].

The comparison of different MS phenotypes revealed
various patterns of motor activation, with a prevalent func-
tional lateralization in CIS, a bilateral pattern in RR MS,
and more extended activation, even involving areas outside
the motor system, in SP MS [20]. In the early forms of MS,
patients generally performed the motor task as well as HS;
this ability tended to disappear as the disease progressed.
However, data obtained by using passive movements, which
are not affected by patient performance and disability, con-
firmed that MS patients exhibit greater motor activation than
HS, with more extensive activation being observed in SP MS
than in RR MS [21]. Several studies addressed the issue of the
relationship between functional and structural changes.
Structural damage was quantified by means of various MR
techniques, i.e., conventional T2- and T1-weighted images
to assess lesion burden and spectroscopy or diffusion tensor
imaging (D'TT) to assess apparently normal brain tissue integ-
rity. Generally, increased sensorimotor activation was found
to correlate with the severity of tissue damage, especially if
calculated in specific tracts of white matter, i.e., the corticosp-
inal tract [2, 8], with more pronounced axonal damage as
calculated by spectroscopy [13, 22] or with widespread
microstructural tissue damage as measured by DTT [14, 15].

(2) Cognitive Task. There were even greater variations
between the paradigms adopted in studies designed to
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Neural Plasticity

explore cognitive functions owing to the different cognitive
domains explored. For example, the modified versions of
the Paced Auditory Serial Addition Test (PASAT, [23-30])
or of the N-back test [31-36] were commonly used for the
assessment of working memory; decision-making abilities
were tested by using an adapted version of the Iowa gambling
task [37]; cortical activation related to memory was studied
by means of a verbal memory and episodic memory encoding
paradigm [38, 39]. Lastly, some specific paradigms were used
to test activation during tasks that became increasingly com-
plex and/or induced cognitive fatigue, such as adaptation of
the Go/No Go test [40, 41].

The majority of the studies reported a greater extension
of cortical activation during the performance of cognitive
tasks in patients with no or minimal cognitive impairment
compared with HS [23, 26, 27, 42-44]. Increased cortical
activation during attention and memory tasks was mainly
observed in those patients who performed as well as HS, it
being less evident in poor performers [26]. Differences
were consistently reported between patients with and with-
out cognitive impairment, with the former exhibiting a
lower degree of activation in the hippocampal network
during a memory task [38]. Similarly, Penner et al. showed
that attention tasks of varying complexity induced addi-
tional activation in MS patients compared with HS; how-
ever, severe MS patients did not display any additional
activation in the prefrontal structures or in the premotor
cortex, thereby suggesting that the compensatory mecha-
nisms had become exhausted [45].

Furthermore, patients with RR MS displayed greater
cortical activation than CIS patients or HS as the task
difficulty increased. By contrast, patients with SP MS dis-
played only a slight increase in brain activation as task dif-
ficulty increased, thus pointing to the presence of a limited
functional reserve [41]. Similarly, Rocca et al. showed that,
with increasing task difficulty, cognitively impaired MS
patients exhibited a lower activation in several cortical
areas when compared with HS and cognitively preserved
MS patients [36].

Several studies also reported an association between
abnormal fMRI activation and measures of brain structural
damage, which was evaluated as lesion load [26, 32], as
loss of integrity of matter measured using DTI, or as brain
atrophy [34, 41].

3.1.2. Longitudinal Studies. Few studies have used t-fMRI to
investigate the evolution of brain plastic changes over time
(Table 2). While patients with MS exhibited greater bilateral
activation than HS at the baseline fMRI during a motor task,
they exhibited a reduction in functional activity in the ipsilat-
eral sensorimotor cortex and in the contralateral cerebellum
after a 20-month follow-up period. Decreased activation in
the ipsilateral motor cortex inversely correlated with age,
progression of T1 lesions, and occurrence of new relapses
during the follow-up period [46]. This result was interpreted
as a return of functional activation towards a more normal
pattern in those patients with a more benign clinical course.

Similarly, Mezzapesa et al. demonstrated that early
cortical changes after an acute motor relapse due to a
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pseudotumoral lesion consisted in the recruitment of path-
ways in the ipsilateral hemisphere; functional recovery in
the contralateral motor areas and decreased ipsilateral activa-
tion were associated with a good recovery [47].

By contrast, Audoin et al., who studied the association
between activation changes over time and cognitive perfor-
mance, found a significant correlation between extended
activation in the prefrontal cortex after a 12-month
follow-up period and improvement in cognitive functions.
Therefore, unlike findings obtained for the motor system,
an improvement in cognitive performance over time was
associated with increased activation of the related cortical
areas [48].

3.1.3. Interventional Studies. Eleven studies have investigated
intervention-induced changes in cortical activation (Table 3).

The fact that changes in cortical activation may be
induced by the administration of drugs suggests that neu-
roplasticity may be pharmacologically modulated. Parry
showed that the acute administration of rivastigmine
changed the activation pattern in MS patients in such a
way as to make it more similar to that observed in HS
[49]. Mainero et al. reported that the administration of a
single dose of 3,4-diaminopyridine increased activation in
the sensorimotor cortex and supplementary motor area
during the performance of a motor task [50]. Lastly,
Tomassini et al. investigated whether plasticity could be
enhanced by means of a pharmacological intervention to
reduce inflammation. They demonstrated that short-term
plasticity is enhanced by the administration of interferon
beta for a period of 12 weeks [51].

Short-term motor training reduced activation in the
contralateral sensorimotor cortex in HS though not in
MS patients [52]. By contrast, a larger study by Tomassini
et al. showed that brain plasticity persists after visuomotor
training in MS patients. They demonstrated that
short-term training reduced activation in a larger number
of cortical areas in MS patients than in HS. After a
two-week practice period, there were significant decreases
in visuomotor task-related activation in the occipital cor-
tex in HS and in both the occipital and parietal cortices
in MS patients [2]. This result is in keeping with changes
in cerebral activation following a cognitive intervention or
rehabilitation training reported in other studies. Indeed,
increased activation in the cerebellum and in the superior
parietal lobule has been reported after cognitive training;
furthermore, the fact that the changes in brain function
positively correlated with an improvement in clinical out-
comes points to a cause-effect role of such interventions
[53]. The application of an individualized rehabilitative
protocol consisting in neurophysiological, sensorimotor
learning and adaptation therapy led to a reduction in cer-
ebellar activation in the supplementary motor cortex and
an enlargement in the primary sensorimotor cortex [54].
Although studies on smaller numbers of patients also
demonstrated changes in cortical activation, the limited
size of the samples prevented the identification of both
the specific regions involved and possible correlations with
clinical outcomes [52, 55, 56].
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Neural Plasticity

3.2. Resting-State Studies

3.2.1. Cross-Sectional Studies. Sixteen studies have been per-
formed using fMRI acquisition at rest and a cross-sectional
design (Table 4). Since ranges of different data analysis
methods were applied, the results of the various studies can-
not always be compared. We identified three studies that
used amplitude fluctuation (ALFF), six studies that used
independent component analysis (ICA), three studies that
used seed-based methods, and three studies that used the
graph theory approach.

An r-fMRI study performed after the first demyelination
episode revealed lower ALFF in MS patients than in HS [57].
Other studies instead found that ALFF in MS patients
increases in the thalami and several cortical regions and that
these changes correlated with disability [58, 59].

Using ICA, Roosendaal et al. showed a higher degree
of synchronization in patients with CIS than in either
HS or MS patients in six RSNs, including the default
mode network (DMN) and sensorimotor network, whereas
no significant functional differences were detected between
MS patients and HS. Furthermore, FC in several RSNs in
the group of MS patients was found to decrease gradually.
This decrease correlated with increasing damage, thereby
suggesting that cortical reorganization in the RSNs is a
phenomenon that occurs early in the disease course of
MS and that tends to become exhausted as the disease
progresses and damage accumulates [60]. Faivre et al
reported that FC in seven RSNs was significantly increased
in MS patients compared with HS. A negative correlation
was also reported between the multiple sclerosis functional
composite, a measure of global disability, and increased
FC within the dorsal frontoparietal, right frontoparietal,
and the prefronto-insular networks [61]. A gender differ-
ence has also been reported to parallel differences in cog-
nitive performance: decreases in FC and network efficiency
in male patients were found to correlate with reduced
visuospatial memory [62].

Alterations in the DMN have also been reported to corre-
late with fatigue and clinical measures of disability [63, 64].
Reduced activity in the anterior component of the DMN
has been demonstrated in the progressive forms of MS com-
pared with HS, with a more pronounced DMN alteration in
patients with cognitive impairment being correlated with
DTI alterations in the corpus callosum and cingulum. MS
patients with fatigue displayed increased FC in the posterior
component of the DMN and in the primary motor cortex
and reduced FC in the anterior component of the DMN
and in the supplementary motor cortex of the SMN com-
pared with patients without fatigue [64].

The visual network has also been explored. MS patients
exhibited reduced FC in the peristriate visual cortex, bilater-
ally, compared with HS. Patients with a history of visual
symptoms displayed greater FC in the extrastriate cortex
and right lateral middle occipital gyrus as well as reduced
FC in the right inferior peristriate cortex. These differences
correlated with the number of episodes affecting the visual
system though not with regional grey matter atrophy [65].
Liu et al. studied the FC in CIS patients without conventional
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brain lesions and in MS patients. Compared with HS, CIS
patients displayed reduced connectivity in the visual areas
and increased connectivity in other areas, above all those
located in the temporal lobes; patients with MS exhibited
more widespread increased FC, especially in the deep grey
matter, than either CIS patients or HS. The baseline FC levels
were found to be higher in patients who had a clinical relapse
over the subsequent 5 years (and who thus converted to MS
patients) than in those who remained stable over the same
period of time [66].

Two studies used a seed-based method approach to study
thalamic FC. The first of these studies revealed the coexis-
tence of areas of increased FC and decreased FC in MS
patients when compared with HS. Interestingly, a negative
correlation was observed between thalamic FC and cognitive
performance, which indicates that the greater the thalamic
connectivity is with some cerebral areas, the more severe
the cognitive impairment is [67]. Liu et al. reported decreased
FC between the thalamus and several brain regions, includ-
ing the right middle frontal and parahippocampal gyri and
the left inferior parietal lobule. The authors of that study
also reported greater intra- and interthalamic FC in the
MS group, which negatively correlated with disease dura-
tion, than in HS [68]. Another r-fMRI study based on a
seed analysis evaluated the relationship between FC in
the sensorimotor network and upper limb motor disability.
MS participants in whom motor skills were preserved dis-
played greater FC in structurally intact visual information
processing regions than MS patients in whom motor skills
were impaired. By contrast, motor-impaired MS participants
displayed weaker FC in the sensorimotor and somatosensory
association cortices and more severe structural damage
throughout the brain [69].

Brain network FC was studied in a large cohort of
patients with MS by applying graph theoretical analysis
to r-fMRI. Global network properties were abnormal in
MS patients and helped to distinguish cognitively impaired
MS patients from HS [70]. The eigenvector centrality
mapping (ECM) method, a graph analysis technique that
ranks the importance of brain regions according to their
connectivity patterns, was applied to a large sample of
MS patients. ECM values in MS patients were found to
be increased in the bilateral thalamus and posterior cingu-
late areas and decreased in the sensorimotor and ventral
stream areas, with sensorimotor ECM decreases being
related to higher disability [71].

3.2.2. Longitudinal Studies. Few studies have assessed
changes in FC over time (Table 5). Droby et al. assessed the
effects of acute and chronic lesions on FC in RR MS patients
by studying nine RR MS patients over five time points at
8-week intervals; one of the nine patients developed an acute
WM lesion. They concluded, despite the small sample size,
that lesion-related network changes may occur as a result of
reorganization processes following the initial appearance of
an acute lesion [72].

A subsequent study by Faivre et al. applied graph theoret-
ical analysis of r-fMRI to 38 patients with RR MS and 24 HS.
The authors found higher baseline levels of long-range and
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short-range brain FC in patients than in HS. At the 2-year
follow-up, patients exhibited a reduction in FC that corre-
lated with disability progression, thus suggesting that
reduced connectivity reflects the exhaustion of compensative
proprieties [73].

3.2.3. Interventional Studies. We identified four r-fMRI stud-
ies that investigated changes in FC after training, rehabilita-
tion, or drug administration (Table 6). Short-term changes
in FC associated with a simple repetitive motor task were
investigated in early RR MS patients. After 25 minutes of a
repetitive thumb flexion task, significantly greater cerebellar
FC was observed in the cerebellar network of MS patients
though not in that of HS. By contrast, FC in the sensorimotor
network increased in both groups after the task, with no
significant between-group differences. Sensorimotor and cer-
ebellar FC were intercorrelated after the training in patients
only [74].

Two interventional studies evaluated FC changes associ-
ated with cognitive rehabilitation. When Filippi et al. applied
the ICA method in the first of these studies, they found that,
after 12 weeks of rehabilitation, MS patients exhibited
changes in FC in several cortical areas and a significant asso-
ciation between FC changes and cognitive improvement [75].

De Giglio et al. used a seed method, considering the thal-
amus as a region of interest, to evaluate the thalamic FC
changes induced by an 8-week video game-based training
program. After rehabilitation, FC in MS patients increased
in the cingulum, in the precuneus and bilaterally in the
parietal cortex, and decreased in the cerebellum and in the
left prefrontal cortex. Interestingly, thalamic FC changes in
these regions significantly correlated with cognitive improve-
ment [76].

Another interventional randomised study assessed the
effect of intermittent theta-burst stimulation delivered over
the primary motor cortex on MS-related spasticity and on
the topology of brain functional networks using a graph the-
oretical approach [77]. The improvement in spasticity was
greater in patients treated with intermittent theta-burst stim-
ulation than in the control group. Indeed, the intermittent
theta-burst stimulation on the motor cortex induced an
improvement in plasticity paralleling the increase of connec-
tivity between motor cortices of the two hemispheres.

4. Discussion

This review documents the extensive use of fMRI as a means
of assessing neuroplasticity in MS over the last 18 years and
provides new insights into the pathophysiology of this
disease. It also shows that the quality of data acquisitions,
data analyses, and study designs has steadily increased since
pioneering studies in the early 2000s.

4.1. Interpretation of fMRI Data: Adaptive or Maladaptive
Plasticity in MS. t-fMRI studies, performed with either motor
or cognitive tasks, have generally demonstrated greater
cortical activation in MS patients than in HS, which has been
interpreted as an attempt to compensate for damage [19, 24—
26, 78]. More recent studies have demonstrated that the
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activation pattern varies according to the MS phenotype,
with more extensive activation being observed in the progres-
sive form of the disease [14-18, 79, 80]. Furthermore, the
increase in activation has been found to correlate with mea-
sures of tissue damage [25, 81].

Taken together, these data suggest that the increased
activity observed during a task may not only represent com-
pensation for specific damage but also be a marker of disease
severity. The main concept that emerges from t-fMRI studies
is that adaptive plasticity is a finite process that occurs in the
early phases of MS and is aimed at maintaining normal func-
tion despite the structural damage but becomes exhausted as
the disease progresses. This line of reasoning is supported by
the first r-fMRI study [60], which described increased FC in
several RSN in CIS patients though not in MS patients and
thus confirmed that cortical functional reorganization is an
early and finite phenomenon in MS.

Data based on r-fMRI confirm that functional reorgani-
zation is a dynamic process in MS, with changes in FC being
observed in different disease stages [57-59]. r-fMRI studies
using ICA have highlighted an association between disability
measures and reorganization of various RSNs [61, 63-65].
However, the results yielded by r-fMRI have not been univo-
cal: some studies detected an association between increased
FC in some RSNs and clinical preservation, whereas others
detected an association between increased FC and poor per-
formance [61, 67, 82]. Increased FC may thus represent both
adaptive and maladaptive plasticity, and correlations with
clinical measures appear to be essential to be able to interpret
data correctly. Since it has even been suggested that adaptive
and maladaptive mechanisms may coexist [67], it may be
necessary to investigate the brain as a whole in large-scale
fMRI studies and not to limit the study of functional changes
to single RSNs: this might lead to the identification of cooc-
curring patterns of FC changes as well as of those associated
with a potential beneficial clinical effect.

Some specific aspects within this framework deserve
greater attention. The first is that the DMN is the RSN that
has been investigated most extensively: DMN dysfunction
has been reported and associated with cognitive impairment
[63, 64]. In particular, alterations in the anterior component
of the DMN are considered to be responsible for the accumu-
lation of cognitive deficits in patients with progressive MS
[83]. Moreover, functional changes in the DMN rather than
in the sensorimotor network have been shown to be related
with fatigue in MS [64].

Thalamic FC has also been found to correlate with cogni-
tive performance in MS. Tona et al. described altered tha-
lamic FC in RR MS, showing that there is a significant
association between decreased cognitive performance and
areas of increased thalamocortical FC and thus suggesting
that neuroplasticity changes are unable to compensate for tis-
sue damage and to prevent cognitive dysfunction [67]. Subse-
quently, Liu et al. reported lower thalamic FC with several
cortical regions and greater interthalamic FC in patients with
RR MS than in HS. In their study, interthalamic FC signifi-
cantly correlated with disease duration, thereby pointing to
an adaptive role of thalamic FC, which gradually declines as
the disease progresses [68].
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TaBLE 7: Quality assessment.
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Q1

Q2

Q3 Q4 Q5

Q6

Q7

Q8

Q9

Q10

TOT

t-fMRI cross-sectional
Sensorimotor

Reddy et al. (2000) [22]
Filippi et al. (2002) [16]
Pantano et al. (2002) [19]
Reddy et al. (2002) [13]
Pantano et al. (2002) [8]
Rocca et al. (2002) [17]
Rocca et al. (2003) [14]
Rocca et al. (2003) [9]
Rocca et al. (2003) [80]
Filippi et al. (2004) [12]
Filippi et al. (2004) [86]
Rocca et al. (2005) [20]
Ciccarelli et al. (2006) [18]
Wang and Hier (2007) [87]
Wegner et al. (2008) [88]
Rocca et al. (2009) [79]
Harirchian et al. (2010) [10]
Rocca et al. (2010) [15]
Rico et al. (2011) [11]
Petsas et al. (2013) [21]
Faivre et al. (2015) [89]
Cognitive

Staffen et al. (2002) [23]
Audoin et al. (2003) [24]
Penner et al. (2003) [45]
Mainero et al. (2004) [26]
Saini et al. (2004) [90]
Audoin et al. (2005) [25]
Cader et al. (2006) [31]
Forn et al. (2006) [27]
Rachbauer et al. (2006) [28]
Sweet et al. (2006) [32]
Forn et al. (2007) [33]
Morgen et al. (2007) [42]
Nebel et al. (2007) [91]
Prakash et al. (2007) [29]
Prakash et al. (2008) [43]
Bonzano et al. (2009) [30]
Passamonti et al. (2009) [44]
Pierno et al. (2009) [92]
Rocca et al. (2009) [81]
Smith et al. (2010) [93]
Bonnet et al. (2010) [40]
Helekar et al. (2010) [94]
Rocca et al. (2010) [34]
Amann et al. (2011) [35]
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TaBLE 7: Continued.

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 TOT
Jehna et al. (2011) [95] 1 1 1 1 1 1 0 0 1 0 7
Loitfelder et al. (2011) [41] 0 1 1 0 1 1 1 1 1 1 8
Colorado et al. (2012) [96] 1 1 1 1 1 1 0 0 1 1 8
Hulst et al. (2012) [38] 0 1 1 0 0 1 1 0 0 0 4
Kern et al. (2012) [39] 0 1 1 1 1 1 0 1 1 1 8
Smith et al. (2012) [97] 1 0 1 0 0 1 0 0 0 0 3
Forn et al. (2013) [96] 1 1 1 1 1 1 0 0 1 0 7
Rocca et al. (2014) [36] 0 1 1 1 1 1 1 1 1 0 8
Weygandt et al. (2017) [37] 1 1 0 1 1 1 0 1 0 0 6
Tacchino et al. (2018) [99] 0 1 1 1 0 1 1 1 0 1 7
t-fMRI longitudinal
Pantano et al. (2005) [46] 0 0 0 1 0 1 0 1 1 1 5
Mezzapesa et al. (2008) [47] 0 0 1 1 0 1 0 1 0 1 5
Audoin et al. (2008) [48] 1 1 1 1 0 1 1 1 0 0 7
Pantano et al. (2011) [100] 1 1 1 1 0 1 1 1 0 1 8
Loitfelder et al. (2014) [101] 0 0 1 1 1 1 0 1 1 1 7
t-fMRI Interventional
Parry et al. (2003) [49] 0 0 1 1 1 1 0 1 1 1 7
Mainero et al. (2004) [50] 0 0 1 1 0 1 0 1 0 0 4
Morgen et al. (2004) [52] 0 0 1 1 0 1 0 1 1 0 5
Rasova et al. (2005) [102] 1 1 0 1 0 1 0 1 0 0 5
Sastre-Garriga et al. (2011) [54] 0 0 0 0 0 1 0 1 0 1 3
Cerasa et al. (2013) [53] 0 0 1 1 1 1 1 1 0 1 7
Ernst et al. (2012) [55] 1 0 1 0 1 0 0 1 0 1 5
Tomassini et al. (2012) [2] 0 1 1 1 0 1 1 1 0 1 7
Hubacher et al. (2015) [56] 0 0 1 1 1 0 0 0 0 1 4
Tomassini al. (2016) [51] 1 1 0 1 1 1 1 0 0 1 7
Leonard et al. (2017) [103] 1 0 0 0 1 1 0 0 0 1 4
r-fMRI cross-sectional
Roosendaal et al. (2010) [60] 1 1 1 0 0 1 1 0 1 0 6
Bonavita et al. (2011) [63] 0 1 1 1 1 1 0 1 1 0 7
Liu et al. (2011) [58] 0 1 1 0 0 1 1 1 1 0 6
Faivre et al. (2012) [61] 0 0 1 1 1 1 1 1 1 0 7
Liu et al. (2012) [57] 1 1 1 0 0 1 0 1 1 1 7
Gallo et al. (2012) [65] 0 1 1 1 1 1 0 1 1 1 8
Rocca et al. (2010) [83] 1 1 1 1 1 1 1 1 1 1 10
Schoonheim et al. (2012) [62] 0 1 1 0 0 1 1 1 0 1 6
Schoonheim al. (2014) [71] 0 1 1 1 1 1 1 1 1 1 9
Tona et al. (2014) [67] 0 1 1 1 1 1 1 1 0 1 8
Zhou et al. (2014) [59] 1 0 1 1 1 1 0 1 1 1 8
Liu et al. (2015) [68] 0 1 1 0 0 1 1 1 1 1 7
Liu et al. (2016) [66] 0 1 1 0 0 1 1 1 1 0 6
Rocca et al. (2016) [70] 1 1 1 1 1 1 1 1 1 1 10
Zhong et al. (2016) [69] 1 1 1 1 1 1 1 1 1 1 10
Bisecco et al. (2017) [64] 1 1 1 1 1 1 1 1 0 1 9
r-fMRI longitudinal
Droby et al. (2015) [72] 0 0 1 0 1 1 1 0 0 1

Faivre et al. (2016) [73] 1 1 1 1 0 0 1 1 1 1
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TasLe 7: Continued.

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 TOT
r-fMRI interventional
Filippi et al. (2012) [75] 0 0 1 1 1 1 0 1 0 1 6
Petsas et al. (2014) [74] 1 1 1 1 1 1 1 1 1 1 10
Boutiere et al. (2016) [77] 1 0 1 1 1 0 0 1 0 1
De Giglio et al. (2016) [76] 0 1 1 1 1 1 1 1 0 1

Methodology

QI1: Were a priori hypotheses clearly stated?

Q2: Was the sample size equal to or larger than 30 subjects?

Clinical characteristics

Q3: Was MS phenotype included?

Q4: Was clinical information, e.g., relapses and/or treatment, reported?

MRI parameters

Statistical analysis

Q5: Was the used MRI filed equal to or greater than 3T?

Q6: Was correction for multiple comparison used?

Q7: Were covariates of no interest included in the analysis?

Q8: Were correlations between fMRI outcomes and clinical scores investigated?

Results

Q9: Were correlations between fMRI outcomes and structural measures investigated?

Q10: Were limitations of the study clearly stated?

Yes=1
No=0

4.2. Application of fMRI to the Study of Postdamage
Recovery and of Functional Reserve. Longitudinal studies
have shown that fMRI can be used to investigate both
functional reorganization after acute damage and the
exhaustion of plasticity mechanisms over time.

Two longitudinal studies designed to explore the
motor system yielded similar conclusions. In a t-fMRI
study by Pantano et al., the decrease in ipsilateral
activation that enhances motor function lateralization was
limited by advanced age, T1 lesion accumulation, and
new relapses [46], whereas in a study by Mezzapesa
et al,, a return to more lateralized motor activation was
observed in a subset of patients who recovered from a
motor relapse [47]. Both these studies suggest that brain
damage is associated with greater cortical activation and
that subsequent clinical recovery is accompanied by the
return of brain activity to a pattern more similar to that
observed in normal conditions.

Another concept supported by longitudinal fMRI stud-
ies is that plasticity mechanisms may become exhausted
over time. When Faivre et al. applied graph theoretical
analysis to the study of FC over two years, they found that
reduced connectivity in patients correlated with disability
progression [73].

fMRI has also been used to investigate functional adap-
tation by studying changes in cortical activation and FC
after short training protocols. These studies revealed signif-
icant differences between MS patients and HS [2, 74],
showing that brain plasticity is still present in MS patients
but is characterized by peculiar activation dynamics and
FC changes. However, the consistency of these short-term
functional changes warrants investigation over longer
periods of time to confirm their translational potential for
clinical application.

4.3. Application of fMRI to Interventional Studies. FMRI
was first applied to interventional studies to investigate
short-term functional changes induced by drugs [49, 50].
Only more recently have the long-term pharmacological
effects on neuroplasticity been investigated: Tomassini
et al. applied t-fMRI to study the extent to which brain
activity is modified by the administration of immunomo-
dulating/anti-inflammatory therapy for approximately 12
weeks [51].

Rehabilitation is another type of plasticity-inducing
intervention that may be explored by means of fMRI. It
is possible, despite the small number of studies conducted
to date, to draw some conclusions in this regard. First,
the results of t-fMRI studies suggest that the changes
vary according to the rehabilitative program adopted
and may involve more extensive areas if the interven-
tional protocol is designed to target several neurological
functions [52, 53]. These results have been confirmed
by r-fMRI studies on cognitive rehabilitation and on
intermittent theta-burst stimulation of the primary motor
cortex. Changes in RSN connectivity and reorganization
of the primary motor cortex may represent a functional
substrate for cognitive improvement and spasticity,
respectively [76, 77].

Another noteworthy finding that has emerged from
rehabilitation studies is the frequent involvement of cere-
bellar areas induced by both cognitive and personalised
rehabilitative programs [53, 75, 76]. These data suggest
that rehabilitative intervention may be able to play a cru-
cial role in this region, which is known to be involved in
learning processes [84].

It should be borne in mind that the correlation between
the fMRI changes observed and clinical outcomes is needed
not only to be able to interpret the data correctly but also to
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provide proof that any changes are related to the effectiveness
of the intervention.

4.4. Improving Methodologies. The interest in neuroplasticity
in MS that emerges from the literature has clearly evolved
between 2000 and 2018. Indeed, the initial focus on
cross-sectional fMRI during a motor task gradually decreases
in favor of cognitive task-based studies, which are subse-
quently followed by cross-sectional resting-state investiga-
tions that reflect the growing interest in spontaneous brain
activity. The focus on r-fMRI is very likely due to an inherent
feature of such studies, i.e., that they are free of the confound-
ing effect of task performance and patient disability and can
therefore be performed more easily. Longitudinal and inter-
ventional fMRI studies have instead yielded a more limited
number of publications than cross-sectional studies, with
one paper being published approximately every 1 to 2 years,
probably owing to the difficulties involved in sample enroll-
ment and study design.

We found an improvement in the quality of the
studies over time, though this improvement is limited to
cross-sectional t-fMRI during a cognitive task and to
cross-sectional r-fMRI, probably as a result of the high num-
ber of publications in these two paper categories (Table 7).

The fact that the quality of r-fMRI studies is higher than
that of t-fMRI studies may be due to the improvement and
refining of both the technology [85] and methods of analysis
in recent years.

5. Conclusion

fMRI has, over the years, provided important insights into
plasticity and functional reorganization related to MS dam-
age. Recent studies suggest that fMRI can detect functional
changes related to clinical improvement and that some brain
regions may play a crucial role in recovery. This may in the
future help to optimize the use of fMRI in interventional tri-
als, though more longitudinal studies based on larger patient
samples are needed to achieve this result. Although the pos-
sibility of using fMRI as a tool for clinical decision-making
in individual patients seems a long way off, some new analy-
sis techniques to measure plasticity reserves appear to be
promising applications of fMRI measures as predictors of
clinical outcome.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] N.Sharma, . Classen, and L. G. Cohen, “Neural plasticity and
its contribution to functional recovery,” Handbook of Clinical
Neurology, vol. 110, pp. 3-12, 2013.

[2] V. Tomassini, H. Johansen-Berg, S. Jbabdi et al., “Relating
brain damage to brain plasticity in patients with multiple
sclerosis,” Neurorehabilitation and Neural Repair, vol. 26,
no. 6, pp. 581-593, 2012.

(3]

(4]

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

Neural Plasticity

M. Filippi and M. A. Rocca, “Present and future of fMRI in
multiple sclerosis,” Expert Review of Neurotherapeutics,
vol. 13, Supplement 2, pp. 27-31, 2013.

P. Pantano, C. Mainero, and F. Caramia, “Functional brain
reorganization in multiple sclerosis: evidence from fMRI
studies,” Journal of Neuroimaging, vol. 16, no. 2, pp. 104-
114, 2006.

E. Sbardella, N. Petsas, F. Tona, and P. Pantano, “Resting-state
fMRI in MS: general concepts and brief overview of its
application,” BioMed Research International, vol. 2015, 8
pages, 2015.

M. M. Schoonheim, K. A. Meijer, and J. J. G. Geurts,
“Network collapse and cognitive impairment in multiple
sclerosis,” Frontiers in Neurology, vol. 6, 2015.

T. Welton, D. Kent, C. S. Constantinescu, D. P. Auer, and
R. A. Dineen, “Functionally relevant white matter degrada-
tion in multiple sclerosis: a tract-based spatial meta-analysis,”
Radiology, vol. 275, no. 1, pp. 89-96, 2015.

P. Pantano, G. D. Iannetti, F. Caramia et al., “Cortical motor
reorganization after a single clinical attack of multiple
sclerosis,” Brain, vol. 125, no. 7, pp. 1607-1615, 2002.

M. A. Rocca, E. Pagani, A. Ghezzi et al., “Functional cortical
changes in patients with multiple sclerosis and nonspecific
findings on conventional magnetic resonance imaging scans
of the brain,” Neurolmage, vol. 19, no. 3, pp. 826-836, 2003.
M. H. Harirchian, A. Rezvanizadeh, M. Fakhri et al,
“Non-invasive brain mapping of motor-related areas of
four limbs in patients with clinically isolated syndrome
compared to healthy normal controls,” Journal of Clinical
Neuroscience, vol. 17, no. 6, pp. 736-741, 2010.

A. Rico, W. Zaaraoui, ]. Franques et al., “Motor cortical reor-
ganization is present after a single attack of multiple sclerosis
devoid of cortico-spinal dysfunction,” Magnetic Resonance
Materials in Physics, Biology and Medicine, vol. 24, no. 2,
pp. 77-84, 2011.

M. Filippi, M. A. Rocca, D. M. Mezzapesa et al., “Simple and
complex movement-associated functional MRI changes in
patients at presentation with clinically isolated syndromes
suggestive of multiple sclerosis,” Human Brain Mapping,
vol. 21, no. 2, pp. 108-117, 2004.

H. Reddy, S. Narayanan, M. Woolrich et al., “Functional
brain reorganization for hand movement in patients with
multiple sclerosis: defining distinct effects of injury and dis-
ability,” Brain, vol. 125, no. 12, pp. 2646-2657, 2002.

M. A. Rocca, C. Gavazzi, D. M. Mezzapesa et al., “A func-
tional magnetic resonance imaging study of patients with sec-
ondary progressive multiple sclerosis,” Neurolmage, vol. 19,
no. 4, pp. 1770-1777, 2003.

M. A. Rocca, A. Ceccarelli, M. Rodegher et al., “Preserved
brain adaptive properties in patients with benign multiple
sclerosis,” Neurology, vol. 74, no. 2, pp. 142-149, 2010.

M. Filippi, M. A. Rocca, A. Falini et al,, “Correlations between
structural CNS damage and functional MRI changes in pri-
mary progressive MS,” Neurolmage, vol. 15, no. 3, pp. 537-
546, 2002.

M. A. Rocca, P. M. Matthews, D. Caputo et al., “Evidence for
widespread movement-associated functional MRI changes in
patients with PPMS,” Neurology, vol. 58, no. 6, pp. 866-872,
2002.

O. Ciccarelli, A. T. Toosy, J. F. Marsden et al., “Functional
response to active and passive ankle movements with clinical



Neural Plasticity

(19]

[20]

(21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

correlations in patients with primary progressive multiple
sclerosis,” Journal of Neurology, vol. 253, no. 7, pp. 882-891,
2006.

P. Pantano, C. Mainero, G. D. Iannetti et al., “Contribution of
corticospinal tract damage to cortical motor reorganization
after a single clinical attack of multiple sclerosis,” Neuro-
Image, vol. 17, no. 4, pp. 1837-1843, 2002.

M. A. Rocca, B. Colombo, A. Falini et al., “Cortical adaptation
in patients with MS: a cross-sectional functional MRI study of
disease phenotypes,” Lancet Neurology, vol. 4, no. 10,
Pp. 618-626, 2005.

N. Petsas, E. Tinelli, D. Lenzi et al., “Evidence of impaired
brain activity balance after passive sensorimotor stimulation
in multiple sclerosis,” PLoS One, vol. 8, no. 6, article e65315,
2013.

H. Reddy, S. Narayanan, R. Arnoutelis et al., “Evidence for
adaptive functional changes in the cerebral cortex with axo-
nal injury from multiple sclerosis,” Brain, vol. 123, no. 11,
pp. 2314-2320, 2000.

W. Staffen, A. Mair, H. Zauner et al., “Cognitive function and
fMRI in patients with multiple sclerosis: evidence for com-
pensatory cortical activation during an attention task,” Brain,
vol. 125, no. 6, pp. 1275-1282, 2002.

B. Audoin, D. Ibarrola, J. P. Ranjeva et al., “Compensatory
cortical activation observed by fMRI during a cognitive task
at the earliest stage of multiple sclerosis: fMRI study of
PASAT in CISSMS patients,” Human Brain Mapping,
vol. 20, no. 2, pp. 51-58, 2003.

B. Audoin, M. van Au Duong, J. P. Ranjeva et al., “Magnetic
resonance study of the influence of tissue damage and cortical
reorganization on PASAT performance at the earliest stage of
multiple sclerosis: fMRI and magnetization transfer in early
MS,” Human Brain Mapping, vol. 24, no. 3, pp. 216-228,
2005.

C. Mainero, F. Caramia, C. Pozzilli et al., “/MRI evidence of
brain reorganization during attention and memory tasks in
multiple sclerosis,” NeuroImage, vol. 21, no. 3, pp. 858-867,
2004.

C. Forn, A. Barros-Loscertales, J. Escudero et al., “Cortical
reorganization during PASAT task in MS patients with pre-
served working memory functions,” Neurolmage, vol. 31,
no. 2, pp. 686-691, 2006.

D. Rachbauer, M. Kronbichler, S. Ropele, C. Enzinger, and
F. Fazekas, “Differences in cerebral activation patterns in idi-
opathic inflammatory demyelination using the paced visual
serial addition task: an fMRI study,” Journal of the Neurolog-
ical Sciences, vol. 244, no. 1-2, pp. 11-16, 2006.

R. S. Prakash, E. M. Snook, K. I. Erickson et al., “Cardiorespi-
ratory fitness: a predictor of cortical plasticity in multiple
sclerosis,” NeuroImage, vol. 34, no. 3, pp. 1238-1244, 2007.

L. Bonzano, M. Pardini, G. Mancardi, M. Pizzorno, and
L. Roccatagliata, “Structural connectivity influences brain
activation during PVSAT in multiple sclerosis,” Neurolmage,
vol. 44, no. 1, pp. 9-15, 2009.

S. Cader, A. Cifelli, Y. Abu-Omar, J. Palace, and P. M.
Matthews, “Reduced brain functional reserve and altered
functional connectivity in patients with multiple sclerosis,”
Brain, vol. 129, no. 2, pp. 527-537, 2006.

L. H. Sweet, S. M. Rao, M. Primeau, S. Durgerian, and R. A.
Cohen, “Functional magnetic resonance imaging response
to increased verbal working memory demands among

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

[43]

(44]

[45]

(46]

(47]

25

patients with multiple sclerosis,” Human Brain Mapping,
vol. 27, no. 1, pp. 28-36, 2006.

C. Forn, A. Barros-Loscertales, J. Escudero et al., “Compensa-
tory activations in patients with multiple sclerosis during
preserved performance on the auditory N-back task,” Human
Brain Mapping, vol. 28, no. 5, pp. 424-430, 2007.

M. A. Rocca, G. Riccitelli, M. Rodegher et al., “Functional MR
imaging correlates of neuropsychological impairment in
primary-progressive multiple sclerosis,” American Journal
of Neuroradiology, vol. 31, no. 7, pp. 1240-1246, 2010.

M. Amann, L. S. Dossegger, I. K. Penner et al., “Altered func-
tional adaptation to attention and working memory tasks
with increasing complexity in relapsing-remitting multiple
sclerosis patients: functional adaptation in MS patients,”
Human Brain Mapping, vol. 32, no. 10, pp. 1704-1719, 2011.
M. A. Rocca, P. Valsasina, H. E. Hulst et al., “Functional
correlates of cognitive dysfunction in multiple sclerosis: a
multicenter fMRI study,” Human Brain Mapping, vol. 35,
no. 12, pp. 5799-5814, 2014.

M. Weygandt, K. Wakonig, J. Behrens et al., “Brain activity,
regional gray matter loss, and decision-making in multiple
sclerosis,” Multiple Sclerosis Journal, vol. 24, no. 9,
pp. 1163-1173, 2017.

H. E. Hulst, M. M. Schoonheim, S. D. Roosendaal et al.,
“Functional adaptive changes within the hippocampal mem-
ory system of patients with multiple sclerosis,” Human Brain
Mapping, vol. 33, no. 10, pp. 2268-2280, 2012.

K. C.Kern, A. D. Ekstrom, N. A. Suthana et al., “Fornix dam-
age limits verbal memory functional compensation in multi-
ple sclerosis,” Neurolmage, vol. 59, no. 3, pp. 2932-2940,
2012.

M. C. Bonnet, M. Allard, B. Dilharreguy, M. Deloire, K. G.
Petry, and B. Brochet, “Cognitive compensation failure in
multiple sclerosis,” Neurology, vol. 75, no. 14, pp. 1241-
1248, 2010.

M. Loitfelder, F. Fazekas, K. Petrovic et al., “Reorganization
in cognitive networks with progression of multiple sclerosis:
insights from fMRI,” Neurology, vol. 76, no. 6, pp. 526-533,
2011.

K. Morgen, G. Sammer, S. M. Courtney et al., “Distinct mech-
anisms of altered brain activation in patients with multiple
sclerosis,” NeurolImage, vol. 37, no. 3, pp. 937-946, 2007.

R. S. Prakash, K. I. Erickson, E. M. Snook, S. J. Colcombe,
R. W. Motl, and A. F. Kramer, “Cortical recruitment during
selective attention in multiple sclerosis: an fMRI investigation
of individual differences,” Neuropsychologia, vol. 46, no. 12,
pp. 2888-2895, 2008.

L. Passamonti, A. Cerasa, M. Liguori et al., “Neurobiological
mechanisms  underlying  emotional  processing in
relapsing-remitting multiple sclerosis,” Brain, vol. 132,
no. 12, pp. 3380-3391, 2009.

L.-K. Penner, M. Rausch, L. Kappos, K. Opwis, and E. W.
Radii, “Analysis of impairment related functional architec-
ture in MS patients during performance of different attention
tasks,” Journal of Neurology, vol. 250, no. 4, pp. 461-472,
2003.

P. Pantano, C. Mainero, D. Lenzi et al.,, “A longitudinal fMRI
study on motor activity in patients with multiple sclerosis,”
Brain, vol. 128, no. 9, pp. 2146-2153, 2005.

D. M. Mezzapesa, M. A. Rocca, M. Rodegher, G. Comi, and
M. Filippi, “Functional cortical changes of the sensorimotor



26

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

[56]

(57]

(58]

(59]

(60]

(61]

(62]

network are associated with clinical recovery in multiple scle-
rosis,” Human Brain Mapping, vol. 29, no. 5, pp. 562-573,
2008.

B. Audoin, F. Reuter, M. V. A. Duong et al., “Efficiency of
cognitive control recruitment in the very early stage of
multiple sclerosis: a one-year fMRI follow-up study,” Multi-
ple Sclerosis Journal, vol. 14, no. 6, pp. 786-792, 2008.

A. M. M. Parry, “Potentially adaptive functional changes in
cognitive processing for patients with multiple sclerosis and
their acute modulation by rivastigmine,” Brain, vol. 126,
no. 12, pp. 2750-2760, 2003.

C. Mainero, M. Inghilleri, P. Pantano et al., “Enhanced brain
motor activity in patients with MS after a single dose of
3,4-diaminopyridine,” Neurology, vol. 62, no. 11, pp. 2044-
2050, 2004.

V. Tomassini, A. d'/Ambrosio, N. Petsas et al., “The effect of
inflammation and its reduction on brain plasticity in multiple
sclerosis: MRI evidence,” Human Brain Mapping, vol. 37,
no. 7, pp. 2431-2445, 2016.

K. Morgen, “Training-dependent plasticity in patients with
multiple sclerosis,” Brain, vol. 127, no. 11, pp. 2506-2517,
2004.

A. Cerasa, M. C. Gioia, P. Valentino et al., “Computer-as-
sisted cognitive rehabilitation of attention deficits for multi-
ple sclerosis: a randomized trial with fMRI correlates,”
Neurorehabilitation and Neural Repair, vol. 27, no. 4,
pp. 284-295, 2012.

J. Sastre-Garriga, J. Alonso, M. Renom et al., “A functional
magnetic resonance proof of concept pilot trial of cogni-
tive rehabilitation in multiple sclerosis,” Multiple Sclerosis
Journal, vol. 17, no. 4, pp. 457-467, 2011.

A. Ernst, A. Botzung, D. Gounot et al., “Induced brain plastic-
ity after a facilitation programme for autobiographical mem-
ory in multiple sclerosis: a preliminary study,” Multiple
Sclerosis International, vol. 2012, Article ID 820240, 12 pages,
2012.

M. Hubacher, L. Kappos, K. Weier, M. Stocklin, K. Opwis,
and L-K. Penner, “Case-based fMRI analysis after cognitive
rehabilitation in MS: a novel approach,” Frontiers in Neurol-
ogy, vol. 6, 2015.

Y. Liu, Y. Duan, P. Liang et al., “Baseline brain activity
changes in patients with clinically isolated syndrome revealed
by resting-state functional MRI,” Acta Radiologica, vol. 53,
no. 9, pp. 1073-1078, 2012.

Y. Liu, P. Liang, Y. Duan et al., “Brain plasticity in relapsing-
remitting multiple sclerosis: evidence from resting-state
fMRI,” Journal of the Neurological Sciences, vol. 304,
no. 1-2, pp. 127-131, 2011.

F. Zhou, Y. Zhuang, L. Wu et al., “Increased thalamic intrin-
sic oscillation amplitude in relapsing-remitting multiple scle-
rosis associated with the slowed cognitive processing,”
Clinical Imaging, vol. 38, no. 5, pp. 605-610, 2014.

S. D. Roosendaal, M. M. Schoonheim, H. E. Hulst et al,
“Resting state networks change in clinically isolated syn-
drome,” Brain, vol. 133, no. 6, pp. 1612-1621, 2010.

A. Faivre, A. Rico, W. Zaaraoui et al., “Assessing brain con-
nectivity at rest is clinically relevant in early multiple sclero-
sis,” Multiple Sclerosis Journal, vol. 18, no. 9, pp. 1251-1258,
2012.

M. M. Schoonheim, H. E. Hulst, D. Landi et al., “Gender-re-
lated differences in functional connectivity in multiple

(63]

[64]

[65]

(66]

[67]

(68]

[69]

(70]

(71]

(72]

(73]

(74]

[75]

(76]

(77]

Neural Plasticity

sclerosis,” Multiple Sclerosis Journal, vol. 18, no. 2, pp. 164-
173, 2012.

S. Bonavita, A. Gallo, R. Sacco et al., “Distributed changes in
default-mode resting-state connectivity in multiple sclerosis,”
Multiple Sclerosis Journal, vol. 17, no. 4, pp. 411-422, 2011.
A. Bisecco, F. D. Nardo, R. Docimo et al., “Fatigue in multiple
sclerosis: the contribution of resting-state functional connec-
tivity reorganization,” Multiple Sclerosis Journal, vol. 24,
no. 13, pp. 1696-1705, 2017.

A. Gallo, F. Esposito, R. Sacco et al., “Visual resting-state net-
work in relapsing-remitting MS with and without previous
optic neuritis,” Neurology, vol. 79, no. 14, pp. 1458-1465,
2012.

Y. Liu, Z. Dai, Y. Duan et al., “Whole brain functional
connectivity in clinically isolated syndrome without conven-
tional brain MRI lesions,” European Radiology, vol. 26, no. 9,
pp- 2982-2991, 2016.

F. Tona, N. Petsas, E. Sbardella et al., “Multiple sclerosis:
altered thalamic resting-state functional connectivity and its
effect on cognitive function,” Radiology, vol. 271, no. 3,
pp. 814-821, 2014.

Y. Liu, P. Liang, Y. Duan et al., “Altered thalamic functional
connectivity in multiple sclerosis,” European Journal of Radi-
ology, vol. 84, no. 4, pp. 703-708, 2015.

J. Zhong, J. C. Nantes, S. A. Holmes, S. Gallant, S. Narayanan,
and L. Koski, “Abnormal functional connectivity and cortical
integrity influence dominant hand motor disability in multi-
ple sclerosis: a multimodal analysis,” Human Brain Mapping,
vol. 37, no. 12, pp. 4262-4275, 2016.

M. A. Rocca, P. Valsasina, A. Meani, A. Falini, G. Comi, and
M. Filippi, “Impaired functional integration in multiple scle-
rosis: a graph theory study,” Brain Structure & Function,
vol. 221, no. 1, pp- 115-131, 2016.

M. M. Schoonheim, J. J. G. Geurts, O. T. Wiebenga et al.,
“Changes in functional network centrality underlie cognitive
dysfunction and physical disability in multiple sclerosis,”
Multiple Sclerosis Journal, vol. 20, no. 8, pp. 1058-1065, 2014.

A. Droby, K. S. L. Yuen, M. Muthuraman et al., “Changes in
brain functional connectivity patterns are driven by an indi-
vidual lesion in MS: a resting-state fMRI study,” Brain Imag-
ing and Behavior, vol. 10, no. 4, pp. 1117-1126, 2016.

A. Faivre, E. Robinet, M. Guye et al., “Depletion of brain
functional connectivity enhancement leads to disability pro-
gression in multiple sclerosis: a longitudinal resting-state
fMRI study,” Multiple Sclerosis Journal, vol. 22, no. 13,
pp. 1695-1708, 2016.

N. Petsas, V. Tomassini, N. Filippini et al., “Impaired func-
tional connectivity unmasked by simple repetitive motor task
in early relapsing-remitting multiple sclerosis,” Neurorehabil-
itation and Neural Repair, vol. 29, no. 6, pp. 557-565, 2014.
M. Filippi, G. Riccitelli, F. Mattioli et al., “Multiple sclerosis:
effects of cognitive rehabilitation on structural and functional
MR imaging measures—an explorative study,” Radiology,
vol. 262, no. 3, pp. 932-940, 2012.

L. De Giglio, F. Tona, F. De Luca et al., “Multiple sclerosis:
changes in thalamic resting-state functional connectivity
induced by a home-based cognitive rehabilitation program,”
Radiology, vol. 280, no. 1, article 150710, pp. 202-211, 2016.
C. Boutiére, C. Rey, W. Zaaraoui et al., “Improvement of
spasticity following intermittent theta burst stimulation in
multiple sclerosis is associated with modulation of



Neural Plasticity

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

resting-state functional connectivity of the primary motor
cortices,” Multiple Sclerosis Journal, vol. 23, no. 6, pp. 855-
863, 2017.

P. Pantano, “Cortical motor reorganization after a single
clinical attack of multiple sclerosis,” Brain, vol. 125, no. 7,
pp. 1607-1615, 2002.

M. A. Rocca, M. Absinta, P. Valsasina et al., “Abnormal
connectivity of the sensorimotor network in patients with
MS: a multicenter fMRI study,” Human Brain Mapping,
vol. 30, no. 8, pp. 2412-2425, 20009.

M. A. Rocca, D. M. Mezzapesa, A. Falini et al., “Evidence for
axonal pathology and adaptive cortical reorganization in
patients at presentation with clinically isolated syndromes
suggestive of multiple sclerosis,” Neurolmage, vol. 18, no. 4,
pp. 847-855, 2003.

M. A. Rocca, P. Valsasina, A. Ceccarelli et al., “Structural and
functional MRI correlates of Stroop control in benign MS,”
Human Brain Mapping, vol. 30, no. 1, pp. 276-290, 2009.

J. F. Sumowski, G. R. Wylie, J. Deluca, and N. Chiaravalloti,
“Intellectual enrichment is linked to cerebral efficiency in
multiple sclerosis: functional magnetic resonance imaging
evidence for cognitive reserve,” Brain, vol. 133, no. 2,
pp. 362-374, 2010.

M. A. Rocca, P. Valsasina, M. Absinta et al., “Default-mode
network dysfunction and cognitive impairment in progres-
sive MS,” Neurology, vol. 74, no. 16, pp. 1252-1259, 2010.

D. Timmann, J. Drepper, M. Frings et al., “The human
cerebellum contributes to motor, emotional and cognitive
associative learning. A review,” Cortex, vol. 46, no. 7,
pp. 845-857, 2010.

S. Tommasin, C. Gianni, L. De Giglio, and P. Pantano, “Neu-
roimaging techniques to assess inflammation in multiple
sclerosis,” Neuroscience, 2017.

M. Filippi, M. A. Rocca, D. M. Mezzapesa et al., “A functional
MRI study of cortical activations associated with object
manipulation in patients with MS,” Neurolmage, vol. 21,
no. 3, pp. 1147-1154, 2004.

J. Wang and D. B. Hier, “Motor reorganization in multiple
sclerosis,” Neurological Research, vol. 29, no. 1, pp. 3-8,
2007.

C. Wegner, M. Filippi, T. Korteweg et al., “Relating functional
changes during hand movement to clinical parameters in
patients with multiple sclerosis in a multi-centre fMRI
study,” European Journal of Neurology, vol. 15, no. 2,
pp. 113-122, 2008.

A. Faivre, A. Rico, W. Zaaraoui et al., “Brain functional plas-
ticity at rest and during action in multiple sclerosis patients,”
Journal of Clinical Neuroscience, vol. 22, no. 9, pp. 1438-1443,
2015.

S. Saini, “Altered cerebellar functional connectivity mediates
potential adaptive plasticity in patients with multiple sclero-
sis,” Journal of Neurology, Neurosurgery, and Psychiatry,
vol. 75, no. 6, pp. 840-846, 2004.

K. Nebel, H. Wiese, J. Seyfarth et al., “Activity of attention
related structures in multiple sclerosis patients,” Brain
Research, vol. 1151, pp. 150-160, 2007.

A. C. Pierno, L. Turella, P. Grossi et al., “Investigation of the
neural correlates underlying action observation in multiple
sclerosis patients,” Experimental Neurology, vol. 217, no. 2,
pp. 252-257, 2009.

(93]

[94]

(95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

27

A. M. Smith, L. A. S. Walker, M. S. Freedman,
C. DeMeulemeester, M. J. Hogan, and I. Cameron, “fMRI
investigation of disinhibition in cognitively impaired patients
with multiple sclerosis,” Journal of the Neurological Sciences,
vol. 281, no. 1-2, pp. 58-63, 2009.

S. A. Helekar, J. C. Shin, B. J. Mattson et al., “Functional brain
network changes associated with maintenance of cognitive
function in multiple sclerosis,” Frontier in Human Neurosci-
ence, vol. 4, 2010.

M. Jehna, C. Langkammer, M. Wallner-Blazek et al., “Cogni-
tively preserved MS patients demonstrate functional differ-
ences in processing neutral and emotional faces,” Brain
Imaging and Behavior, vol. 5, no. 4, pp. 241-251, 2011.

R. A. Colorado, K. Shukla, Y. Zhou, J. S. Wolinsky, and P. A.
Narayana, “Multi-task functional MRI in multiple sclerosis
patients without clinical disability,” NeuroImage, vol. 59,
no. 1, pp. 573-581, 2012.

A. M. Smith, L. A. S. Walker, M. S. Freedman et al., “Activa-
tion patterns in multiple sclerosis on the computerized tests
of information processing,” Journal of the Neurological
Sciences, vol. 312, no. 1-2, pp. 131-137, 2012.

C. Forn, M. A. Rocca, I. Bosca, B. Casanova, A. Sanjuan, and
M. Filippi, “Analysis of ‘task-positive’ and ‘task-negative’
functional networks during the performance of the Symbol
Digit Modalities Test in patients at presentation with clini-
cally isolated syndrome suggestive of multiple sclerosis,”
Experimental Brain Research, vol. 225, no. 3, pp. 399-407,
2013.

A. Tacchino, C. Saiote, G. Brichetto et al., “Motor imagery as
a function of disease severity in multiple sclerosis: an fMRI
study,” Frontiers in Human Neuroscience, vol. 11, 2018.

P. Pantano, S. Bernardi, E. Tinelli et al., “Impaired cortical
deactivation during hand movement in the relapsing phase
of multiple sclerosis: a cross-sectional and longitudinal fMRI
study,” Multiple Sclerosis Journal, vol. 17, no. 10, pp. 1177-
1184, 2017.

M. Loitfelder, F. Fazekas, K. Koschutnig et al., “Brain activity
changes in cognitive networks in relapsing-remitting multi-
ple sclerosis-insights from a longitudinal fMRI study,” PLoS
One, vol. 9, no. 4, article €93715, 2014.

K. Rasova, J. Krasensky, E. Havrdova et al., “Is it possible to
actively and purposely make use of plasticity and adaptability
in the neurorehabilitation treatment of multiple sclerosis
patients? A pilot project,” Clinical Rehabilitation, vol. 19,
no. 2, pp. 170-181, 2005.

G. Leonard, Y. Lapierre, ].-K. Chen, R. Wardini, J. Crane, and
A. Ptito, “Noninvasive tongue stimulation combined with
intensive cognitive and physical rehabilitation induces
neuroplastic changes in patients with multiple sclerosis:
a multimodal neuroimaging study,” Multiple Sclerosis
Journal - Experimental, Translational and Clinical, vol. 3,
no. 1, p. 205521731769056, 2017.



	The Role of fMRI in the Assessment of Neuroplasticity in MS: A Systematic Review
	1. Introduction
	2. Methods
	3. Results
	3.1. Task-Related fMRI Studies
	3.1.1. Cross-Sectional
	3.1.2. Longitudinal Studies
	3.1.3. Interventional Studies

	3.2. Resting-State Studies
	3.2.1. Cross-Sectional Studies

	3.2.2. Longitudinal Studies
	3.2.3. Interventional Studies

	4. Discussion
	4.1. Interpretation of fMRI Data: Adaptive or Maladaptive Plasticity in MS
	4.2. Application of fMRI to the Study of Postdamage Recovery and of Functional Reserve
	4.3. Application of fMRI to Interventional Studies
	4.4. Improving Methodologies

	5. Conclusion
	Conflicts of Interest

