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23.1 Introduction

23.1.1 General Considerations

Over the last decade, improvements of methods
of acquisition and analysis of magnetic reso-
nance imaging (MRI) techniques have extended
the knowledge of the mechanisms underlying the
clinical manifestations of several neurologic and
psychiatric disorders. Structural MRI techniques
have been widely used to study patients with mul-
tiple sclerosis (MS) with the aim of increasing the
understanding of the mechanisms responsible for
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the accumulation of irreversible disability, includ-
ing cognitive impairment (Filippi and Rocca
2004; Filippi et al. 2003). Despite this, measures
derived from quantitative MR techniques, such as
diffusion tensor (DT) and magnetization trans-
fer imaging, to grade the presence and extent
of microscopic disease-related structural dam-
age in the central nervous system (CNS) have
contributed only partially to explain MS clinical
manifestations and variability of disease course
(Filippi and Rocca 2004; Filippi et al. 2003).
Interindividual variability of response to CNS
damage in terms of recovery from tissue damage
(Franklin and Kotter 2008) and functional plas-
ticity (Tomassini et al. 2012) can help explain
that gap. Brain plasticity relies on molecular and
cellular mechanisms (including increased axonal
expression of sodium channels, synaptic changes,
increased recruitment of parallel existing path-
ways or “latent” connections, and reorganization
of distant sites) (Waxman 1998) with the potential
to induce modifications in system-level functional
responses. Functional MRI (fMRI) techniques
based on changes in the blood-oxygenation-level-
dependent (BOLD) signal provide an indirect
measure of neural activity, thus representing a
powerful tool to measure brain plasticity in vivo.
The application of fMRI has shown that func-
tional reorganization does occur after CNS white
matter (WM) injury of different etiology (includ-
ing MS), that such functional changes are related
to the extent of CNS damage, and that they can
contribute to limit the clinical consequences of
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widespread structural tissue damage (at least in
some groups of patients) (Rocca and Filippi 2006,
2007). Conversely, the failure or the exhaustion of
the adaptive properties of the cerebral cortex might
be among the factors responsible for the accumu-
lation of irreversible neurological deficits or the
presence of specific symptoms (e.g., fatigue) in
MS patients (Rocca and Filippi 2006, 2007).
While the majority of previous fMRI stud-
ies used active fMRI paradigms to investigate the
patterns of recruitment within different functional
systems (motor, visual, cognitive) in MS patients,
the need for obtaining relevant pieces of informa-
tion on functional reorganization also in patients
with severe clinical (and cognitive) impairment
has fuelled the use of resting-state (RS) fMRI
paradigms. From its seminal description by Biswal
etal. (1995), RS fMRI has been widely used in both
healthy subjects and patients with various neuro-
logic, neurosurgical, and psychiatric disorders (Fox
et al. 2005). As previously mentioned, one of the
features that makes RS fMRI particularly attractive
is that it is a task-free approach, thus providing the
unique opportunity to perform fMRI studies in MS
patients who may have difficulty with task instruc-
tions and execution, as well as in pediatric MS
patients who may have different compliance (not
disease-related) when performing an active task.

23.1.2 Methodological Issues

The RS fMRI analysis examines correlations in
slow (<0.1 Hz) spontaneous fluctuations in the
BOLD signal (Cordes et al. 2001). There are
multiple ways to analyze RS fMRI data, and each
approach has different implications in terms of
type of information that can be extracted from the
data (Lv et al. 2018). Analysis approaches can be
broadly grouped into two categories: functional
segregation techniques, which rely on the anal-
ysis of RS fMRI focusing on local function of
specific brain regions, and functional integration
techniques, which rely on functional connectivity
(FC) analysis looking at the brain as an integrated
network (Liu et al. 1999; Tononi et al. 1994).
Methods commonly used for functional seg-
regation analysis include amplitude of low-
frequency fluctuations (ALFF), fractional ALFF,

and regional homogeneity (ReHo). These methods
reflect different aspects of regional neural activity.
While ALFF is focused on measuring the strength
of the activity, ReHo is more specific for coherence
and centrality of regional activity (Lv et al. 2018).
However, because the brain is more appropriately
studied as an integrated network rather than iso-
lated clusters, the excitement for stand-alone func-
tional segregation methods has gradually receded
in favor of functional integration methods, which
measure the degree of synchrony of the BOLD
time-series between different brain regions and
can be the result of a direct anatomic connection,
an indirect path (Lanting et al. 2014), or may have
no anatomic connection. For assessing functional
integration features, commonly used computa-
tional methods include FC density analysis, region
of interest (ROI)-based FC analysis, independent
component analysis (ICA), and graph analysis.
FC density analysis attempts to identify the highly
connected functional hubs, but it does not indicate
which regions are connected (Tomasi and Volkow
2010). Seed-based FC, also called ROI-based
FC, finds regions correlated with the activity in
a seed region, requiring a priori determination of
the seeds, which is often based on a hypothesis or
prior results. ICA facilitates the effective extrac-
tion of distinct RS fMRI networks by employing
mathematical algorithms to decompose the signal
from whole-brain voxels to spatially and tempo-
rally independent components. ICA investigates
multiple simultaneous voxel-to-voxel interactions
of distinct networks in the brain, thus represent-
ing a powerful technique to perform group-level
analysis as well as for the same group in different
conditions (e.g., different psychological, physio-
logical, and pharmacological conditions) (Smitha
et al. 2017). Graph theory analysis of brain FC
assesses different aspects of connectivity through
different graph parameters (Bullmore and Sporns
2009), which provides measure of both functional
integration and segregation.

Starting from this background, this chapter
summarizes the major contribution of RS fMRI
application to understand the pathophysiology
of MS and its clinical manifestations, in terms
of clinical disability and cognitive impairment as
well as to monitor treatment, mostly in the field
of rehabilitation.
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23.2 Within-Network RS fMRI
Abnormalities in MS

23.2.1 Sensorimotor Network

As previously discussed, many studies have
applied active fMRI tasks to investigate the pat-
terns of recruitment within the sensorimotor net-
work in patients with MS, mainly focusing on
the analysis of the performance of simple motor
tasks with the dominant right upper limb (Lee
et al. 2000; Reddy et al. 2000, 2002; Filippi et al.
2002b, 2004; Rocca et al. 2002a, b, 2003a, b, c,
d, 2004a, b, 2005a, b, 2007a, b, 2008; Pantano
et al. 2002a, b; Lowe et al. 2002; Mezzapesa
et al. 2008). More recently, sensorimotor network
reorganization has been explored using RS fMRI.

In line with the evidence of the one-to-one
functional link of motor network regions of one

hemisphere to their homolog in the contralateral
hemisphere, with a somatotopic organization (van
den Heuvel and Hulshoff Pol 2010), a decreased
RS FC has been shown, using a ROI approach,
between right- and left-hemisphere primary motor
cortices in MS patients in comparison to healthy
controls (HC) (Lowe et al. 2002). Using ICA,
another study demonstrated that motor network
functional reorganization occurs relatively early
in the course of the disease, already in patients
presenting with a clinically isolated syndrome
(CIS), and tends to decrease with disease progres-
sion, in relapsing-remitting (RR) MS. Compared
to HC, CIS patients showed areas of significantly
higher RS FC in the sensorimotor network (right
premotor and sensory cortices) of nondominant
hemisphere as well as a subthreshold increased
RS FC in the dominant premotor cortex and in
supplementary motor area (Fig. 23.1), whereas

Fig. 23.1 Resting-state (RS) networks identified with
independent component analysis in healthy controls (upper
rows) and patients with clinically isolated syndromes
(lower rows). (a) Executive functioning network; RS func-
tional connectivity (FC) was increased compared to con-
trols in the left mesial prefrontal cortex. (b) Sensorimotor
network: increased RS FC compared to controls in the
right premotor cortex and inferior parietal gyrus. (c)
Ventral and dorsal attention system: increased RS FC com-
pared to controls in the bilateral precuneus. RS FC was
also increased compared to relapsing-remitting (RR) mul-

tiple sclerosis (MS) patients in the precuneus. (d) Default
mode network: increased RS FC compared to RRMS
patients in the posterior cingulate gyrus. (e) Right fronto-
parietal network: increased RS FC compared to RRMS
patients in the left inferior temporal gyrus and right supe-
rior temporal gyrus. (f) Left frontoparietal network:
increased RS FC compared to RRMS patients in the left
superior parietal gyrus and the occipital lobe. (g) Visual
processing and (h) auditory and language processing: no
significant differences between groups. (Reproduced from
Roosendaal et al. (2010) with permission)
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Fig. 23.1 (continued)

no RS FC modifications were detected in RRMS
patients (Roosendaal et al. 2010). In the whole
group of patients, increased RS FC of the right
premotor cortex was significantly correlated with
reduction of WM fractional anisotropy (FA) (a
measure of microstructural integrity), which was
prominent in RRMS and almost absent in CIS
patients, suggesting that functional reorganization
might be a finite phenomenon, modulated by the
progressive accumulation of disease-related struc-
tural damage. Additional studies have confirmed
the presence of increased sensorimotor network
RS FC in RRMS patients at disease onset (Faivre
et al. 2012), including pediatric patients (Rocca
et al. 2014), as well as stronger functional cou-
pling between the left dorsal premotor cortex and
the motor RS network with increasing disability
in RRMS (Dogonowski et al. 2013a).

In progressive MS patients (both primary pro-
gressive [PP] and secondary progressive [SP]
phenotypes), reduced sensorimotor network RS
FC has been shown by several studies, suggest-
ing that functional reorganization might reach
a plateau with the progressive accumulation of
CNS structural damage and that this might be an
additional phenomenon contributing to disability
accumulation over time (Rocca et al. 2012, 2018;
Basile et al. 2014).

RS fMRI has been also applied to study FC
of deep gray matter (DGM) structures, such as

Z corrected P

10.0 ' <0.001

the basal ganglia. Compared to HC, MS patients
had more widespread motor connectivity in the
basal ganglia and a preservation of cortical motor
RS FC, which was attributed to a less efficient
funneling of neural processing in the motor
cortico-basal  ganglia-thalamo-cortical ~ loops
(Dogonowski et al. 2013b). Subcortical expan-
sion of RS FC did not differ between RRMS
and SPMS, suggesting that this altered subcor-
tical motor RS FC could represent a disease-
state marker rather than a phenotypical marker
(Dogonowski et al. 2013b).

23.2.2 Default-Mode Network

The default-mode network (DMN) is a medial
cortical network including several brain regions
(medial prefrontal cortex [mPFC], rostral ante-
rior cingulate cortex [ACC], posterior cingulate
cortex [PCC], precuneus, and lateral parietal
cortex), which has been found to be active at
rest (Raichle et al. 2001) and deactivated when
subjects perform attention-demanding or goal-
oriented tasks (Shulman et al. 1997). The first
observations of DMN alterations in MS come
from fMRI studies conducted during active tasks
demonstrating that MS patients required greater
deactivation of the DMN (and increased prefron-
tal recruitment) to perform the same cognitive
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tasks of HC (Sweet et al. 2006; Morgen et al.
2007). This led to the assumption that DMN
recruitment could be considered as a marker of
cerebral efficiency, which was investigated by
subsequent RS fMRI studies.

In the study by Roosendaal et al. (2010),
DMN RS FC had the same behavior of the senso-
rimotor network, with an increased RS FC of the
cingulate cortex in CIS patients compared to HC,
which was lost in RRMS patients (Fig. 23.1).
Reduced DMN RS FC, particularly in the ante-
rior node of the network, contributed to explain
the presence of cognitive impairment, both in
RRMS (Bonavita et al. 2011) and progressive
MS patients (Rocca et al. 2010). In this latter
study (Rocca et al. 2010), the extent of DMN
RS FC reduction correlated with the severity
of structural damage of the cingulum and cor-
pus callosum, measured using DT tractography,
pointing to WM structural damage as one of the
substrates of the maladaptive functional reorga-
nization occurring in the DMN in progressive
MS patients. Differently from adults, pediatric
MS patients with cognitive impairment showed
decreased RS FC in the posterior regions of the
DMN (Rocca et al. 2014), suggesting that onset
of the disease in pediatric subjects might impair
network maturational trajectories.

Another study compared RRMS to SPMS and
found higher RS FC in SPMS patients in the right
supramarginal gyrus, left PCC, ITG, and middle
temporal gyrus (MTG) (Basile et al. 2013). The
previous regions are involved in a number of cog-
nitive processes, including language and visual
perception (Cabeza and Nyberg 2000), and fall
out the DMN, indicating that the re-allocation of
neuronal resources is another mechanism con-
tributing to counteract structural damage in these
patients.

A combined DT MRI and RS fMRI study
explored alterations of long WM tracts in paired
DMN subregions and their RS FC in RRMS
patients (Zhou et al. 2014). Structural and func-
tional connectivity measures were significantly
correlated in the connection between the PCC/
precuneus and mPFC and between PCC/precu-
neus and bilateral medial temporal lobes. More
interesting, three different patterns of structural

and functional connectivity relationship were
identified: (a) a slightly increased RS FC posi-
tively correlated with structural connection dam-
age, (b) significantly increased RS FC negatively
correlated with structural connection damage,
and (c) a dissociation of structural and functional
connectivity coupling. These results contribute to
support the previous speculations, demonstrating
how in minimally disabled MS patients, increased
DMN RS FC may represent a finite compensa-
tory mechanism in response to structural damage.

23.2.3 Visual Network

Optic neuritis (ON) is one of the most common
clinical manifestations of MS. As a consequence,
several studies have investigated the effect of ON
on visual network reorganization. Studies using
active fMRI paradigms have consistently shown
relevant and dynamic functional changes taking
place in the primary and secondary visual areas
following acute ON (Toosy et al. 2005; Rombouts
et al. 1998; Werring et al. 2000).

Using RS fMRI, several studies have demon-
strated modification of FC within the visual net-
work in CIS and RRMS patients with an acute
(Wu et al. 2015; Backner et al. 2018) or chronic
(Gallo et al. 2012) ON, mainly characterized by
altered RS FC of primary visual processing areas
and extra-striate motion processing regions. A
collective interpretation of these findings sug-
gests that even a single episode of ON is suffi-
cient to induce RS FC changes within the visual
network, resulting in reduced RS FC in the acute
stage (Wu et al. 2015), and increased connectiv-
ity (probably as a compensatory mechanism)
during the recovery stage (Backner et al. 2018).
However, also for this system, the compensatory
capabilities may tend to decrease over time, as
supported by the correlation found in RRMS
patients between the number of ON and reduced
FC (Gallo et al. 2012).

A recent study (Backner et al. 2018) has inves-
tigated visual network anatomical and functional
connectivity abnormalities in CIS patients with
and without ON. Patients with ON had a higher
RS FC within the visual network (calcarine cor-
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tex and visual motion processing areas) in the
presence of an intact postgeniculate anatomi-
cal network, suggesting that functional network
changes may be part of the recovery process,
independently from structural damage.

23.2.4 Cognitive Networks

A few studies in MS patients have analyzed mod-
ifications of RS FC of networks involved in spe-
cific cognitive processes.

The executive control network (ECN), consti-
tuted by the medial frontal gyrus (MFG), supe-
rior frontal gyrus (SFG), and ACC, is involved
in executive functions, such as control processes
and working memory. The seminal study by
Roosendaal et al. (Roosendaal et al. 2010) found
ECN RS FC abnormalities in CIS patients com-
pared to HC, but not in RRMS patients. However,
these results have not been confirmed by more
recent studies, which detected ECNS alterations
also in patients with RRMS (Rocca et al. 2012;
Sbardella et al. 2015).

Studies aimed at exploring other networks
involved in cognitive functioning, such as the
salience network (SN), working memory net-
work (WMN), dorsal attention network (DAN),
and frontoparietal network (FPN), are still scanty
and provided inconclusive and sometime discor-
dant results (Roosendaal et al. 2010; Faivre et al.
2012; Rocca et al. 2012; Smith et al. 2009).

23.2.5 Deep Gray Matter RS FC

Structural involvement of DGM structures, in
terms of focal lesions, microscopic abnormalities,
and atrophy, is frequent and occurs early during
the course of MS. Only recently these structures
have become topic of functional investigations.
In a large cohort of 295 MS patients (121 early
RRMS patients, 122 late RRMS, and 52 SPMS),
Meijer et al. (2018) explored whether RS FC
abnormalities follow the atrophy pattern observed
with disease progression, that is, moving from
the DGM toward the cortex. SPMS patients had
higher within-DGM connectivity compared with

patients with late and early RRMS, higher DGM-
cortex connectivity compared with patients with
early RRMS and HCs, and lower within-cortex
connectivity compared with patients with early
RRMS. Late RRMS showed higher within-DGM
and DGM-cortex connectivity than early RRMS
(Fig. 23.2). These results suggested that RS FC
changes might start with disturbances in the inter-
action between DGM structures that, on turn,
could lead to an improper filtering of irrelevant
information, resulting in strong and maladaptive
connections between the DGM and cortex. After
a long period of increasing structural damage and
inefficient network connections, RS FC between
cortical regions is likely to decrease in SPMS, a
sign of incipient cortical network collapse that
may be specific to this disease stage.

Another study (Cui et al. 2017) used a seed-
based technique to explore RS FC of six striatal
subregions for each hemisphere with the remain-
ing brain regions. Compared to HC, MS patients
had a significant increase of RS FC of dorsal
caudal putamen with premotor area, dorsal PFC,
insula, precuneus, and superior parietal lobule as
well as increased RS FC of superior ventral stria-
tum and PCC, indicating the importance of this
region in the pathophysiology of MS.

Among DGM structures, the thalamus repre-
sents the most frequently studied region, due to
its early and clinically relevant involvement in
the disease, according to the literature derived
from the use of structural MRI techniques. On
the other hand, the application of RS fMRI has
provided heterogeneous and conflicting results.
While some studies described a decreased RS FC
between the thalami and several brain regions (Liu
et al. 2015; De Giglio et al. 2016), others reported
both increased and decreased RS FC between
the thalamus and different cortical regions in MS
patients (Prosperini et al. 2014). In one study (De
Giglio et al. 2016), increased thalamo-cortical RS
FC correlated with poor cognitive performance,
suggesting that this might reflect a maladaptive
mechanism contributing to cognitive deficits.

The heterogeneity of these results might
be explained by a recent study that, by using a
connectivity-based parcellation of the thalamus,
showed that the main thalamic subregions have
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Fig. 23.2 Resting-state (RS) functional connectivity
(FC) within deep gray matter (DGM) structures, between
DGM and the cortex, and within cortex in the different
stages of relapse-onset multiple sclerosis (MS). (a)
Connectivity within DGM. (b) Connectivity between
DGM and cortex. (¢) Connectivity within the cortex.
Positive connectivity z-scores reflect increases in the level
of connectivity, whereas negative connectivity z-scores
reflect decreases in the level of connectivity. Asterisk ()
indicates significant differences and error bars reflect
standard error of the mean. ERRMS early relapsing-
remitting MS, LRRMS late relapsing-remitting MS, SPMS
secondary progressive MS. (Reproduced from Meijer
et al. (2018) with permission)

different RS FC abnormalities in MS patient
(d’Ambrosio et al. 2017). In details, compared to
HC, MS patients had increased intra- and inter-
thalamic RS FC for almost all thalamic subregions
and increased RS FC between all thalamic sub-
regions and the left insula. Reduced RS FC was
also found between frontal and motor thalamic
subregions and the caudate nucleus as well as
between the temporal thalamic subregions and the
ipsilateral thalamus, anterior and middle cingulate
cortex, and cerebellum. RS FC abnormalities con-
tributed to explain the different clinical features,
since lower thalamic RS FC correlated with worse
motor performance, whereas higher thalamic RS
FC correlated with better motor performance.

23.2.6 Cerebellar RS FC

The cerebellum plays a crucial role in motor
and cognitive functions. Using a ReHo analy-
sis, compared to HC, MS patients had reduced
ReHo in the left cerebellar hemisphere, includ-
ing left superior cerebellar lobe, which was cor-
related with higher T2 lesion load (Dogonowski
et al. 2014). Another study (Sbardella et al.
2017) detected higher RS FC between the den-
tate nucleus and several frontal and parietal areas
in MS patients in comparison to HC. Within the
previous areas, higher RS FC correlated with less
severe disability, suggesting an adaptive mecha-
nism contributing to preserved clinical function.

Cerebellar dentate nuclei RS FC has been also
investigated in pediatric patients with MS (Cirillo
et al. 2016), who experienced patterns of both
increased and decreased RS FC. Decreased RS
FC was correlated with longer disease duration,
higher T2 lesion volumes, and cognitive impair-
ment, suggesting a maladaptive mechanism. On
the other hand, increased RS FC correlated with
shorter disease duration, lower T2 lesion volume,
and a better motor performance.

23.2.7 Spinal Cord RS FC

Using ultra-high field MRI, recent studies have
provided evidence of RS FC in the human spinal
cord (Barry etal. 2014, 2016). RS FC in spinal cord
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was highly reproducible within and across human
HC and was mainly constituted by two networks: a
ventral motor and a dorsal sensory network, whose
organization and spatial distribution appeared con-
sistent with those detected with task-based fMRI
studies (Maieron et al. 2007; Cadotte et al. 2012;
Eippert et al. 2017; Stroman et al. 2012). To date,
only one study has assessed RS fMRI abnormali-
ties at the level of the spinal cord in MS patients
using a 7 T scanner (Conrad et al. 2018). In HC, a
pattern of connectivity among ventral GM regions
and a distinct network among dorsal regions were
detected, with higher ventral network connectivity
in female. No differences were detected between
MS patients and controls. However, a significant
effect of focal lesions on local alterations in con-
nectivity was found in patients, with differential
effects depending on columnar location.

Sensorimotor | Sensorimotor Il

Fig. 23.3 Internetwork connectivity of resting-state net-
works in patients with relapsing-remitting multiple scle-
rosis. Diagram showing resting-state networks with a
significantly different pairwise connectivity between
healthy controls and patients with relapsing-remitting
multiple sclerosis (RRMS), as assessed using a functional
network connectivity analysis. Solid arrows indicate

23.3 Between-Network RS fMRI
Abnormalities

Brain functioning requires high level of inte-
gration between functionally relevant net-
works to subserve higher functional processes.
In this perspective, in addition to the previ-
ous approaches that provide a FC measure for
each single network, functional interactions
among the RS networks were also explored.
In RRMS patients, compared to HC, the ECN
had an increased connectivity with the SN and
a decreased connectivity with the DMN. An
abnormal connectivity between the WMNs and
sensory networks was also found (Fig. 23.3)
(Rocca et al. 2012). These findings supported
the hypothesis that MS alters CNS functioning
in a distributed manner.

Auditory
network

" / \
Primary.vi-sual
network

Secondary visual
network

increased network connectivity in patients with RRMS vs
controls; dotted arrows indicate decreased network con-
nectivity in patients with RRMS vs controls. DMN default
mode network, ECN executive control network, SN
salience network, WMN working memory network.
(Reproduced from Rocca et al. (2012) with permission)
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Starting from the observation that the anticor-
relation existing between the DMN and the DAN
represents an intrinsic aspect of brain functional
organization, whose strength varies across individ-
uals and appears determinant for behavioral perfor-
mance (Kelly et al. 2008), a recent study (Huang
et al. 2018) explored the relationship between these
two networks in RRMS patients. A stable relation-
ship between DMN and DAN was detected in
RRMS patients, with a significantly increased driv-
ing connectivity from DAN to DMN, which may
represent an adaptive mechanism contributing to
the maintenance of a stable interaction by increas-
ing the information transmission capacity.

A distributed pattern of FC abnormalities
within large-scale neuronal networks has also been
detected in pediatric MS patients and has been
shown to be influenced by focal WM lesions and
to contribute to their cognitive status (Rocca et al.
2014). To explore whether functional reorganiza-
tion mechanisms have a protective role over time
in pediatric MS patients, another study assessed
brain alterations in pediatric-onset MS patients
in their early adulthood in comparison with age-
and disability-matched adult-onset MS patients.
Compared to adult-onset patients and HC, pediat-
ric-onset MS patients had reduced long-range RS
FC between DMN and secondary visual network,
whose interaction subserves important cognitive
functions. They also had more severe structural
damage, measured with DT MRI, in clinically
eloquent regions for physical disability (Giorgio
et al. 2017). These data suggest that occurrence of
functional and structural abnormalities early in the
disease course may confer higher vulnerability to
unfavorable clinical outcome in the long term.

23.4 Large-Scale Network
Connectivity by Means
of Graph Analysis

A large body of literature in neuroscience has
analyzed brain networks from the perspec-
tive of graph theory, where network graphs
can be quantified with a wide range of simple
yet “neuro-biologically” meaningful measures
(Rubinov and Sporns 2010). Considering MS
as a disconnection syndrome, graph theoretical

analysis is a promising approach to detect func-
tional changes occurring at different stages of the
disease, characterized by both global and local
network measure alterations.

Graph analysis studies in patients at the earli-
est stages of MS have so far provided conflicting
results. While some authors found no abnormalities
of network measures in CIS patients in comparison
to HC (Shu et al. 2016), others (Liu et al. 2017,
Abidin et al. 2017) found that CIS patients had
decreased whole-brain network efficiency, which
was, however, less pronounced than what observed
in RRMS patients. Conversely, at regional analysis,
alterations in nodal efficiency and RS FC detected
in CIS patients were similar to those found in MS
patients, supporting the hypothesis that regional
network degeneration is already present in CIS.

By applying a graph theoretical approach, Rocca
et al. (2016) investigated the topological organiza-
tion of the functional brain connectome in a large
cohort of MS patients including RRMS, benign
MS (BMS), and SPMS. A disruption of global
functional organization was observed in the whole
group of MS patients and contributed to distinguish
cognitively impaired MS patients from HC, but not
the main MS clinical phenotypes. Compared to
HC, MS patients also had modifications of regional
network properties, which contributed to cognitive
impairment and phenotypic variability of MS.

In a large group of MS patients at 6 years from
the diagnosis, Schoonheim et al. (2014) reported
an increase in centrality in the PCC and decreased
centrality in the sensorimotor and ventral stream
areas. Since the thalamus, an area exhibiting
increased centrality, showed a higher connectiv-
ity to areas with decreased centrality, the authors
hypothesized a rerouting of thalamic connections
as a response to continuous inflammatory activity.

23.5 Clinical Relevance
of Functional Network
Abnormalities

23.5.1 Diagnosis and Differential
Diagnosis

The potential of RS fMRI analysis as a tool for
diagnosis and differential diagnosis has been only
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marginally explored. One study has investigated
the utility of graph theoretical network measures
to differentiate CIS and MS patients from HC
(Liuetal. 2017). Among the metrics analyzed, the
mean connectivity strength exhibited the high-
est power in distinguishing MS (AUC = 0.825,
P < 0.001) and CIS (AUC = 0.789, P < 0.001)
patients from HC, with sensitivity of 88.2% (30
of 34 patients) and 61.8% (21 of 34 patients) and
specificity of 66.7% (24 of 36 control subjects)
and 91.7% (33 of 36 control subjects), respec-
tively. This yielded an accuracy of 77.1% for the
classification of MS patients vs HC and of 77.1%
for the classification of CIS patients vs HC.

Another study (Eshaghi et al. 2015) combined
RS fMRI, structural MRI, and clinical measures
to automatically differentiate MS from neuromy-
elitis optica (NMO) patients. RS fMRI resulted
the second modality (after WM lesions) able to
distinguish HC, MS, and NMO patients.

Using a whole brain connectivity analysis,
Richiardi et al. (2012) demonstrated that a mul-
tivariate approach, based on predictive modeling
of brain RS FC, allows a reliable differentiation
of minimally disabled MS patients and HCs. In
this model, only 4% of the analyzed connections
(90 x 90) resulted discriminative. Classification
performance yielded a sensitivity of 82% and
specificity of 86% to distinguish between MS
patients and HC. The most discriminative con-
nectivity changes were found in subcortical and
temporal regions, and contralateral connections
were more discriminative than ipsilateral ones.

23.5.2 Phenotype-Specific RS fMRI
Patterns and Clinical
Disability, Ambulation,
and Balance

Many of the studies previously discussed have
assesses the correlations between RS FC abnor-
malities and clinical disability. In the majority of
studies, a negative correlation between RS FC
strength and clinical impairment, measured with
the Expanded Disability Status Scale (EDSS), has
been reported (Roosendaal et al. 2010; Faivre et al.
2012; Rocca et al. 2012; Richiardi et al. 2012),

whereas a few studies found a positive correlation
between increased RS FC strength and more severe
clinical impairment (Dogonowski et al. 2013a;
Roccaet al. 2010). These discrepancies may be due
not only to differences in patient populations and
methods of analysis but also to the clinical function
considered and the network investigated.

Several studies tried to define whether RS FC
modifications might have different expression and
might correlated differently with clinical disability
according to the clinical phenotype of the disease.
Studies in patients with RRMS have consistently
shown a correlation between reduced RS FC within
selected brain networks and higher EDSS (reflect-
ing more severe disability) (Rocca et al. 2012;
Schoonheim et al. 2014; Janssen et al. 2013). A
recent study (Rocca et al. 2018) included 215 MS
patients with the main disease clinical phenotypes
(from CIS to progressive MS) and demonstrated a
progressive reduction of RS FC from the earliest
to the progressive phenotypes in parietal, frontal,
and cerebellar regions of cognitive, sensory, and
motor networks, which may reflect an exhaustion
of functional plasticity with progressive accumu-
lation of disease-related structural damage.

Other studies focused their analysis to spe-
cific clinical deficits, such as ambulation and bal-
ance. A study (Bollaert et al. 2018) examined the
correlation between RS FC in cortical motor and
non-motor networks and walking performance,
assessed by timed 25-foot walk (T25FW) in MS
patients. T25FW performance correlated with RS
FC of brain regions that are part of the sensorimotor
network as well as with FC of regions that have a
major role in visual perception, spatial orientation,
and navigation, indicating that MS clinical manifes-
tations are influenced by functional abnormalities
of critical regions part of interconnected networks.

Balance deficits affect almost 75% of
MS patients during the course of the disease
(Cameron and Lord 2010). Using a seed-based
analysis, reduced RS FC between the dentate
nucleus and the left caudate nucleus within the
cerebellar network was found to correlate with
worse balance measures in RRMS patients, sug-
gesting that a functional disconnection between
these two regions may impair high-level control
of balance (Tona et al. 2018).
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23.5.3 Cognitive Impairment,
Depression, and Fatigue

Cognitive impairment affects a large proportion
of MS patients, with prevalence ranging from
40% to 70%, depending on the population stud-
ied, the tests used, and the cut-off values applied
(Chiaravalloti and DeLuca 2008). A prominent
involvement of information processing speed
and episodic memory domain has been observed,
while less frequently impairment in executive
functions, including verbal fluency, and word list
generation have been described (Benedict et al.
2002; Benedict and Zivadinov 2006).

RS FC of the DMN and its relation with
cognitive impairment have been previously dis-
cussed (see Sect. 23.2.2). Using a whole-brain
connectivity approach, a recent graph analysis
study (Eijlers et al. 2017) measured the over-
all importance for cognition of individual brain
regions in 332 MS patients. Both degree and
eigenvector centrality were assessed in order to
respectively measure the quantity and quality
of functional connections. Cognitively impaired
(CI) MS patients had widespread centrality
increases compared to both HC and cognitively
preserved (CP) MS patients mainly in regions
making up the DMN, while all patient groups
showed decreased centrality in occipital and sen-
sorimotor areas. This study provides evidence
that under pressure of disease, the hierarchy of
the entire brain network shifts, and the DMN
becomes of central importance in CI MS patients.

Despite less frequently object of investigation,
depression is another frequent symptom of MS
(Feinstein et al. 2014). The clinical manifestations
of depression in MS patients are very similar to
those of patients with major depressive disorder,
but its etiology, potentially related to specific MS
pathology, is still poorly understood. Starting
from the observation of abnormal RS FC between
limbic and frontal regions in patients with major
depressive disorder (Northoff et al. 2011), a recent
study explored frontolimbic system RS FC in
MS patients with and without depression (van
Geest et al. 2019). Compared to non-depressed
MS patients, MS patients with depression had
decreased RS FC between the amygdala and fron-
tal regions, which correlated with higher depres-

sion rank scores. These results are in line with
those from a previous study, which detected a
correlation between higher depression scores and
reduced RS FC between the hippocampus and the
orbitofrontal cortex (Rocca et al. 2015).

Another study (Colasanti et al. 2016) explored
the hippocampus in terms of neuroinflammation
and RS FC as possible substrates of depressive
symptoms in MS. Hippocampal RS FC to the sub-
genual cingulate and prefrontal and parietal regions
correlated with depression severity and metabolic
changes as assessed by positron emission tomog-
raphy (PET). These results not only confirmed the
central role of this set of regions in determining
affective disorders in MS patients but also identi-
fied chronic neuroinflammation as potential patho-
genic substrate of RS FC abnormalities.

Fatigue is one of the most disabling MS symp-
toms, significantly impacting patients’ daily
activities and quality of life and affecting up to
80% of patients. Several studies investigated the
anatomical substrates of fatigue, identifying dys-
function in the sensorimotor network and basal
ganglia as pathobiological basis of this symptom.
Using regions of GM atrophy in fatigued (F) MS
patients as seeds, F MS patients had decreased RS
FC between the primary motor and somatosen-
sory cortices, which correlated with the severity of
fatigue. Non-fatigued (NF) MS patients presented
higher RS FC in the premotor cortex compared to
F MS and in the primary motor cortex compared
to HC (Cruz Gomez et al. 2013). Based on these
results, the authors suggested that the increased
RS FC observed in NF MS patients could reflect
a compensatory mechanism associated with sub-
clinical fatigue. Another study (Bisecco et al. 2018)
found that abnormalities of RS FC within both the
sensorimotor network and DMN contributed to the
presence and severity of fatigue in MS patients.

The investigation of basal ganglia RS FC
has been substantiated by neuroimaging stud-
ies showing structural and functional changes
of this level in F MS patients, including atrophy,
reduced perfusion, reduced glucose metabolism,
and reduced activation during the performance of
motor tasks (DeLuca et al. 2008; Roelcke et al.
1997; Inglese et al. 2007; Filippi et al. 2002a). In
RRMS patients, higher fatigue scores were cor-
related with reduced RS FC of caudate nucleus,
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putamen, and pallidum with frontal and parietal
areas, but also positively correlated with RS FC
between caudate nucleus and the motor cortex
bilaterally (Finke et al. 2015). This latter finding
was interpreted as a compensatory mechanism
contributing to maintain a normal function.

By performing a RS FC analysis of the dif-
ferent thalamic subregions, a recent investigation
(Hidalgo de la Cruz et al. 2018) demonstrated
that regional thalamic RS FC abnormalities may
contribute to explain the different components of
fatigue in MS patients. In particular, abnormal
thalamic connectivity with the precuneus and
posterior lobe of the cerebellum explained cog-
nitive fatigue, whereas altered connectivity with
the sensorimotor network had a role in explaining
physical and psychosocial fatigue.

23.6 Structural Substrates of RS
fMRI Abnormalities

The majority of available RS fMRI studies has
included different measures derived from struc-
tural MRI (e.g., T2 lesion volume, measures
of WM integrity, measures of volume loss of
the whole brain or of selected CNS regions) to
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cally isolated syndromes and multiple sclerosis patients.
(a) The top panel represents connected networks showing
decreased structural connections in CIS vs controls, MS
vs CIS, and MS vs controls. The regional pairs showed
decreased connections in the patient groups (p < 0.05, cor-
rected). The bottom panel represents the connected net-
works, showing decreased functional connections in MS
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investigate the correlation between structural and
functional MRI abnormalities in patients with
MS. Independently from the measure analyzed,
all of them have consistently demonstrated that
there is a relationship between structural damage
and functional reorganization. Studies of patients
at different stages of the disease have suggested
that such a relationship might have an inverted
U-shape, with increased functional reorganiza-
tion with accumulation of brain structural damage
until a certain level of the disease (adaptive func-
tional reorganization), followed by collapse of
functional reorganization when a plateauing level
is reached. At this stage, functional reorganization
becomes maladaptive and contributes, together
with progression of structural damage, to clini-
cal (and cognitive) worsening (Roosendaal et al.
2010; Rocca et al. 2010; Hawellek et al. 2011).

A combined analysis of structural and func-
tional network alterations in CIS and RRMS
patients has suggested that structural net-
work modifications may precede (and maybe
influence) those of network function, as CIS
patients only showed structural network
abnormalities, whereas RRMS had concomi-
tant structural and functional abnormalities
(Fig. 23.4) (Shu et al. 2016).
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vs CIS and MS vs controls (p < 0.05, corrected). Between
CIS and controls, no connected components with signifi-
cant differences were found. (b) Correlation between the
structural and functional connection strength within sen-
sorimotor and visual components across all patients while
removing the effects of age and gender. (Reproduced from
Shu et al. (2016) under a Creative Commons Attribution
4.0 International License)
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23.7 RS fMRI and Treatment
23.7.1 Pharmaceutical Treatment

Only a few fMRI studies have been performed
to monitor the effects of symptomatic treatments
in MS patients (Parry et al. 2003; Mainero et al.
2004; Cader et al. 2009), mainly adopting active
fMRI paradigms. Recently, the effects of smoke
cannabis on cognition, as well as their possible
functional and structural MRI correlates, have
been investigated (Pavisian et al. 2014). MS
patients who smoked cannabis on a regular basis
showed more cognitive deficits than MS patients
who were drug-free. Cannabis-related cognitive
problems were associated with a different pat-
tern of cerebral activation during the N-back on
fMRI, whereas no relation was found with struc-
tural measures or with RS fMRI measures.

23.7.2 Motor Rehabilitation

Promoting restoration of function and compe-
tence of dysfunctional brain networks is one of
the main goals of motor and cognitive rehabili-
tation. Even though the mechanisms underly-
ing clinical improvement after rehabilitation
are not yet fully understood, by applying dif-
ferent rehabilitation procedures, several studies
in MS patients have consistently demonstrated
that motor and cognitive rehabilitation results
in an improvement of the rehabilitated function
(i.e., motor functions, attention, memory, and
executive function) and that this improvement is
somehow mediated by modification of recruit-
ment and/or functional connectivity occurring in
function-related networks.

Improved gait performance following 4 weeks
of motor rehabilitation was associated with RS
FC modifications in the sensorimotor network
in MS patients with mild-to-moderate disability
(Tavazzi et al. 2018). All these changes disap-
peared 3 months after the termination of motor
rehabilitation, suggesting the need of continuous
training (or bouts of training) in order to maintain
the benefits of motor rehabilitation.

Recent evidence has suggested that repeti-
tive transcranial magnetic stimulation (rTMS)

of the motor cortex may be effective to reduce
spasticity and promoting motor function recov-
ery in MS patients (Centonze et al. 2007; Mori
etal. 2011). A recent study (Boutiere et al. 2017)
tested the effect on RS FC of 5-week intermit-
tent theta burst stimulation (iTBS) applied over
the primary motor cortex combined with physi-
cal rehabilitation. No effects of iTBS on global
topology of brain network was observed, while
changes of interhemispheric balance were
observed in bilateral homologous primary cor-
tices (connectivity degree decreased in the
stimulated region of 38% and increased in the
contralateral regions of 52%). Based on these
findings, the authors concluded that the relative
decrease in connectivity of the stimulated pri-
mary motor cortex with other brain areas could
in turn promote corticospinal descending activ-
ity, resulting in improvement of spasticity.

23.7.3 Cognitive Rehabilitation

In patients with RRMS with selective deficits of
attention, information processing, and executive
functions, 3 months of computer-assisted cog-
nitive rehabilitation of these functions resulted
in cognitive improvement through enhanced
recruitment of brain networks subserving the
trained functions (Filippi et al. 2012). To inves-
tigate the persistence of treatment efficacy after
treatment termination and its possible pathobio-
logical substrates, the same cohort of patients
was reevaluated 6 months after the termination
of rehabilitation (Parisi et al. 2014). The positive
effects of cognitive rehabilitation on cognitive
tests were still present. There were some addi-
tional improvements at depression and quality of
life scales, which were not detected immediately
after the termination of cognitive rehabilitation.
Interestingly enough, measures derived from
RS fMRI during the rehabilitation phase of the
study were the only predictors of these effects
at 6 months, suggesting that cognitive rehabili-
tation may act by optimizing cognitive network
recruitment, resulting in a generalized functional
improvement.

Interestingly, since the results of fMRI analy-
sis of the previous study (Filippi et al. 2012)
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pointed toward a role for the left dorsolateral PFC
in improving cognitive functions, this region was
selected, in a subsequent study, as a target for an
anodal transcranial direct current stimulation, in
combination with attention training in MS patients
impaired in attention/speed of information pro-
cessing (Mattioli et al. 2016). In the study of MS
patients, the combination of cognitive training
with an anodal transcranial direct current stimula-
tion over the left dorsolateral PFC during ten daily
sessions fostered improvements in attention and
executive function, which persisted up to 6 months
after the intervention (Mattioli et al. 2016).

The beneficial effect of cognitive rehabilita-
tion and its modulation of RS FC have been con-
firmed by several subsequent studies, not only on
information processing speed and executive func-
tions (Pareto et al. 2018; Bonavita et al. 2015;
Cerasa et al. 2013) but also on memory (Leavitt
et al. 2014; Dobryakova et al. 2014). The effects
of video-game-based cognitive rehabilitation on
RS FC of the thalamus have also been shown (De
Giglio et al. 2016).

Starting from the consideration that exercise
training has been proposed as an approach for
managing the cognitive consequences of MS, RS
FC changes after a pilot treadmill walking exer-
cise training intervention for improving cogni-
tive processing speed in MS have been explored
(Sandroff et al. 2018). After 12 weeks of treadmill
walking exercise training, increase in thalamo-
cortical RS FC, which correlated with cognitive
processing speed improvement, was observed.

23.8 Future Perspectives

All fMRI studies discussed in this chapter have
been based on the assumption that brain RS FC is
static across the whole duration of image acquisi-
tion (usually taking about 10 min), and thus the
strength of the interaction between different brain
regions is considered to be constant over time.
However, RS FC between two or more regions
changes dynamically over time (Calhoun et al.
2014; Allen et al. 2014). This has led to a shift
from measuring static to measuring time-varying
(dynamic) FC between different brain regions
(Calhoun et al. 2014). Analysis of dynamic FC

allows capturing reoccurring patterns of interaction
among intrinsic networks at rest (Calhoun et al.
2014; Allen et al. 2014). Studies that have used
dynamic RS FC analysis have shown the utility of
this method in shedding light not only on the phys-
iological processes in HC (Allen et al. 2012) but
also in diseased subjects, for diagnostic purposes
(Jones et al. 2012) or to improve the understanding
of their clinical manifestations (Rashid et al. 2014).

A preliminary study (Leonardi et al. 2013)
has assessed dynamic RS FC abnormalities in
15 minimally disabled RRMS patients and found
altered dynamic FC in a network of connections
centered on the DMN. The clinical relevance of
these abnormalities, particularly for cognition,
deserves further investigations.

23.9 Conclusions

RS fMRI studies conducted in MS patients have
demonstrated that this technique contributes to
provide important insights into the role of func-
tional reorganization following CNS structural
injury. Being a task-free approach, this tool com-
plements and sometime replaces active fMRI
acquisitions, allowing the generalization of the
results to the whole spectrum of MS clinical phe-
notypes or clinical manifestations.

It is now established that clinical and cogni-
tive features of MS patients are likely to repre-
sent the output of the complex interplay existing
between structural damage and RS FC changes,
indicating that the rate of accumulation of dis-
ability in MS is a function not only of tissue loss
but also of the progressive failure of the adap-
tive capacity of the brain with increasing tissue
damage. All of this is pivotal for the development
of intervention strategies for the preservation or
restoration of function.
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