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Cognitive impairment (CI) occurs in 43 to 70% of multiple sclerosis (MS) patients

at both early and later disease stages. Cognitive domains typically involved in MS

include attention, information processing speed, memory, and executive control. The

growing use of advanced magnetic resonance imaging (MRI) techniques is furthering our

understanding on the altered structural connectivity (SC) and functional connectivity (FC)

substrates of CI in MS. Regarding SC, different diffusion tensor imaging (DTI) measures

(e.g., fractional anisotropy, diffusivities) along tractography-derived white matter (WM)

tracts showed relevance toward CI. Novel diffusion MRI techniques, including diffusion

kurtosis imaging, diffusion spectrum imaging, high angular resolution diffusion imaging,

and neurite orientation dispersion and density imaging, showed more pathological

specificity compared to the traditional DTI but require longer scan time and mathematical

complexities for their interpretation. As for FC, task-based functional MRI (fMRI) has been

traditionally used in MS to brain mapping the neural activity during various cognitive tasks.

Analysis methods of resting fMRI (seed-based, independent component analysis, graph

analysis) have been applied to uncover the functional substrates of CI in MS by revealing

adaptive or maladaptive mechanisms of functional reorganization. The relevance for CI

in MS of SC–FC relationships, reflecting common pathogenic mechanisms in WM and

gray matter, has been recently explored by novel MRI analysis methods. This review

summarizes recent advances on MRI techniques of SC and FC and their potential to

provide a deeper understanding of the pathological substrates of CI in MS.
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INTRODUCTION

It has been nearly 150 years since Charcot described cognitive impairment (CI) in multiple sclerosis
(MS) patients as “enfeeblement of memory” and “concepts formed slowly” (1). The importance
of CI in MS was reinforced a few decades ago, after a long period of underestimation (2). CI in
MS patients can affect multiple domains including attention, information processing speed (IPS),
memory, and executive control (3, 4) and may be present since the early disease stages, being more
prevalent in the progressive forms (5) (see Box 1 for a definition of MS phenotypes). Recently, in
order to overcome the heterogeneity of CI inMS, some studies have proposed cognitive phenotypes,
characterized by the prevalent impairment of a specific cognitive domain, based on predefined
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BOX 1 | MS phenotypes

Clinically isolated syndrome (CIS)

A monophasic clinical episode with patient-reported symptoms and

objective findings reflecting a focal or multifocal inflammatory demyelinating

event in the central nervous system, developing acutely or subacutely, with

a duration of at least 24 h, with or without recovery, and in the absence of

fever or infection, similar to a typical MS relapse (attack and exacerbation)

but in a patient not known to have MS (14).

Relapsing–remitting MS (RRMS)

Presence of relapses with stable neurological disability in between them (14).

Secondary progressive MS (SPMS)

Progressive course following an initial relapsing–remitting course (14).

Primary progressive MS (PPMS)

Progressive course from disease onset (14).

cutoff values (6, 7) or latent profile analysis (8). Furthermore,
the involvement of cognitive reserve has been suggested to partly
explain the “clinicoradiological paradox” in MS patients without
CI despite the evidence of brain damage (9–13).

Magnetic resonance imaging (MRI) may contribute to
improve the current partial understanding of the pathogenic
mechanisms of CI in MS. Over the last decade, several MRI
measures have been proposed as biomarkers of CI in MS,
including white matter (WM) lesion load and distribution, gray
matter (GM) lesions, and cortical and deep GM atrophy (9, 15).

However, abnormalities in MS are not simply confined to a
single brain region but rather tend to spread via axonal pathways,
thus involving other regions (16). More recently, taking into
account the complex topological organization of the human
brain, advancedMRI techniques assessing structural connectivity
(SC) or functional connectivity (FC) have been developed and
applied to various neurological conditions, including MS (17).

The aim of this review was to summarize the recent
applications in MS of MRI-based SC and FC approaches
to the assessment of the pathogenic substrates of CI in
different cognitive domains, starting with a brief methodological
description. Finally, future directions and challenges will
be discussed.

For all these purposes, this review included scientific
literature of the last 10 years from PubMed using the search
terms “cognition,” “cognitive impairment,” “cognitive deficits,”
“cognitive decline,” “cognitive dysfunction,” “multiple sclerosis,”
“neuropsychological evaluation,” “connectivity,” “functional
connectivity,” “structural connectivity,” “network,” “cognitive
phenotypes,” “cognitive reserve,” “fMRI,” “resting-state fMRI,”
“diffusion MRI,” “diffusion tensor imaging,” “tractography.”

ASSESSMENT OF BRAIN CONNECTIVITY

Measuring SC
Diffusion MRI is a type of sequence that is sensitive to the
random microscopic motion of water molecules (18), thus
providing information on the microstructure of WM fiber
tracts noninvasively. Since the introduction of diffusion tensor
imaging (DTI) (19), which assumes a Gaussian diffusion of

FIGURE 1 | Illustrative example of WM tractography. (A) Different colors show

the three systems of WM tracts: red for commissural (laterolateral direction),

green for association (anterior–posterior direction), and blue for projection

(superior-to-inferior direction). WM tractography were overlaid onto MNI

standard brain. (B) A general overview of the pipeline of graph theory analysis

for the assessment of structural brain networks. A network or a graph is a

collection of vertices (nodes) and corresponding pairwise connections (edges).

A comprehensive set of all pairwise connections in the brain defines the

topology of a brain network, providing a complete connectivity diagram of all

connections among nodes and edges, that is, a connectome. There are four

essential steps in performing a graph theory analysis: (1) defining nodes:

nodes are brain regions of interest (ROIs), typically derived from an anatomical

parcellation of an imaging dataset; (2) defining edges: edges reflect the

relationship between each node pair; they can be streamline connections

derived from DTI tractography; (3) constructing a network: this step integrates

all the information from nodes and edges in order to generate a complete

connectivity map; the simplest representation of a network is using a

two-dimensional matrix (i.e., a connectivity matrix); (4) graph theory analysis:

currently, the most commonly used method to assess the characteristics of a

network; it provides various measures of network topology. MS, multiple

sclerosis; NC, normal controls.

water molecules, images, and corresponding indices derived
from the tensor model, such as fractional anisotropy (FA)
and mean, axial, and radial diffusivities (20), were used to
assess structural integrity along tractography-derived WM
fiber tracts, a proxy for SC (18, 21, 22) (Figure 1). Because
of the limitations of traditional DTI regarding regions with
crossing fibers and multiple fiber orientations within a single
voxel, alternative diffusion methods have been proposed. They
include diffusion kurtosis imaging (DKI) (23), diffusion
spectrum imaging (DSI) (24), high angular resolution
diffusion imaging (HARDI) (25), and neurite orientation
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dispersion and density imaging (NODDI) (26), which assess,
respectively, the non-Gaussian behavior of water diffusion,
the likelihood of water diffusion along any space direction,
the orientation density function using less sampling intensive
spherical q-space acquisitions, and the angular variation

of neurite orientation. These methods offer the potential
added value of a higher sensitivity to pathological changes
over traditional DTI (27, 28). However, long scan time and
mathematical complexities have thus far hindered their use in
the clinical setting.

BOX 2 | Summary of different approaches assessing brain connectivity

Structural connectivity

Graph theory methods

The connectivity matrix, a squared N × N matrix representing connectivity between nodes, is typically constructed from a combination of brain tractography and any

type of parcellation (21):

Anatomical parcellation: Node definitions based on a priori anatomical information, such as sulci and gyri, or anatomically predefined ROI (34)

Strength: Rapid and intuitive parcellation

Limitations: Low resolution, large variations in node size

Random parcellation: Brain is randomly parcellated into discrete nodes of similar size (34)

Strength: Minimizes node size variations

Limitations: Unclear validity/reliability

Functional parcellation: Node definitions based on a priori functional information, such as coordinates of peak activations or meta-analytic results (34)

Strength: Hypothesis-driven, equal node size

Limitations: Definitions are data-specific, may miss some regions, difficult to apply to diffusion MRI data

Voxel-based parcellation: Each image voxel represents a distinct node (34)

Strength: Data-driven, high resolution

Limitations: Computationally intensive

Data-driven methods

Model-free; connectivity is identified by the multivariate methods:

Independent component analysis: Performs a linear decomposition on the whole brain tractography matrix for identifying structural connectivity (32)

Strength: Data-driven

Limitations: The estimated independent components and the respective mixing matrix can contain both positive and negative values, leading to challenges in the

interpretation of negative weights.

Nonnegative matrix factorization: An unsupervised technique for extracting connectivity components from diffusion MRI data, both at the group and individual

level (33)

Strength: Data-driven, easy for interpretation

Limitations: Biased decomposition, computationally intensive

Functional connectivity

Statistical dependency (i.e., Pearson correlation coefficient) between signals measured from different “brain units” is thought to be indicative of FC (35), based on:

• Task fMRI (36)

Strength: Directly reveals differences related to a task (e.g., cognitive, motor)

Limitations: Patients may have difficulty in completing the scan, interpretation of fMRI results during cognitive tasks can be difficult when task performance differs

across patients

• Resting fMRI (35)

Strength: Easier for patients to complete the scan

Limitations: It may provide just a partial picture of the brain’s functional architecture, missing the functional reorganization shown by task fMRI

Static edge-based functional connectivity: Edge-based summary measures include full or partial correlation and mutual information (35)

Strength: Easy to implement

Limitations: Cannot provide direction information of FC, interpretation challenges in case of brain pathology

Effective connectivity: Evaluates the directionality and strength of FC between pairs of “brain units” (35)

Strength: It can provide direction information of connectivity

Limitations: Difficult to find an appropriate model for fast changes in effective connectivity

Dynamic functional connectivity: Reflects variations in FC over time (35)

Strength: Captures time-varying FC

Limitations: Signal-to-noise ratio of MRI data may be a practical limitation for FC assessment
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Two main approaches of tractography exist, referred to as
deterministic and probabilistic (21). The former reconstructs
WM fibers assuming a single orientation within each voxel,
whereas the latter assumes an orientation distribution of
such fibers (21). SC across the brain is typically built up
by first defining a pair of parcellated regions (see Box 2 for
the parcellation details) and then running tractography and
finally assessing connectivity measures from the connecting WM
streamlines (21). Each region is defined as a “node,” whereas

WM connections are considered as “edges” of the structural
network (27, 28). Within this framework, graph analysis can
be performed on the SC matrix and allows deriving various
network measures of integration (path length, global efficiency),
segregation (clustering coefficient, transitivity, local efficiency,
modularity), centrality, motifs, resilience (degree, assortativity
coefficient), and other features (small worldness, rich club
coefficient) (28, 29) (see Box 3 for details on graph theory
measures). These measures help unveil the topological features

BOX 3 | Graph analysis glossary in the review

Node

Neurons and/or brain regions (37)

Edge

Functional (29) or structural (38) relationships between brain regions

Nodal strength

Sum of the weighs across all connections associated with that node (39)

Path length and efficiency

Path length is the minimum number of edges that must be traversed to go from one node to another (28).

The average inverse shortest path length is a related measure known as the global efficiency (29).

Path length and global efficiency measure the ability of parallel information exchange across the whole network (40).

The local efficiency of a particular node is the inverse of the average shortest path connecting all neighbors of that node, measuring the information transfer in the

immediate neighborhood of each node (41).

Clustering coefficient and transitivity

The fraction of triangles around an individual node is known as the clustering coefficient, and is equivalent to the fraction of the node’s neighbors that are also

neighbors of each other.

Clustering coefficient reflects the network segregation (29), the ability for specialized processing to occur within interconnected groups of brain regions (41).

The transitivity is the ratio of triangles to triplets in the network and is an alternative to the clustering coefficient (29).

Modularity

It measures the quality of division of a network into modules (41).

Centrality

It measures the relative importance of a node or edge within the overall architecture of a network (37).

Motif

Small (e.g., three or four nodes) patterns of local connectivity that occur in the network with a statistically surprising frequency (29)

Degree

Number of edges attached to a given node (37)

Hub

A node occupying a central position in the overall organization of a network (37)

Rich club

A set of high-degree nodes in a network to be more densely interconnected than expected on the basis of their node degree alone (37). The rich club effect of brain

networks plays an important role in the information transmission across the brain (41, 42)

Feeder

Connections linking rich club nodes to nonrich club nodes (43).

Assortativity and hierarchy

Assortativity is a measure of the tendency for nodes to be connected to other nodes of the same or similar degree (28).

Hierarchy is the tendency of hubs to connect to nodes that are not otherwise connected to each other (44).

Increased assortativity and reduced hierarchy indicate an impaired wiring efficiency at a system level (44).

Mean network degree

The average degree of all network nodes and a measure of network density (29)

Module efficiency

Evaluating the communication efficiency both within and between structural networks (45). Intramodule efficiency: measures the global efficiency of the parallel

information transfer within the module; intermodule efficiency: measures the global efficiency of the parallel information transfer between two different modules (45).

Module: a group of nodes that maintains a large number of mutual connections and a small number of connections to nodes outside their group (37)

Small worldness

A network that shows a level of clustering higher than that observed in random networks and an average shortest path length that is equal to that observed in

random networks (37)

Network efficiency

Assessment of the exchanging information performance of small-world brain functional networks (40)

Communicability

Measure of network integration. It accounts for the contribution of all possible walks between a pair of nodes, reflecting a network’s capacity for parallel information

transfer under a diffusion model of information flow (46). Walk: a path in a network that is allowed to visit the same nodes and edges on multiple occasions (46)
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of brain structural networks and can be used to study the
relationship with cognitive functions (30). In contrast to graph
analysis, data-driven mapping approaches such as independent
component analysis (ICA), a multivariate method identifying
single brain structural networks (31, 32), and nonnegative
matrix factorization (NMF), an unsupervised technique based
on structural network parcellations from DTI data (33), may
be used, by providing a different way of assessing disrupted SC
in pathological conditions (31, 32) (see Box 2 for strengths and
limitations of SC assessment).

Measuring FC
Functional MRI (fMRI) is a well-established method able to
detect at the level of GM regions changes in the blood
oxygenation level–dependent (BOLD) signal, which indirectly
reflects neuronal activation in vivo (47). Two fMRI paradigms
exist: the first is task based, assessing the brain regions activated
during a specific task (e.g., cognitive, motor) (48), whereas the
second is resting-state fMRI, measuring the similar spontaneous
fluctuations of the BOLD signal between brain regions—FC—
reflecting “intrinsic” functional relationships (35).

A “brain unit” can be viewed as a spatially defined functional
processing unit at different levels, including parcellated brain
regions, regions of interest (ROIs), or resting-state networks
(Figure 2) (35, 49, 50). In this context, FC can be considered
in terms of statistical similarity (i.e., full or partial correlation,
mutual information) between signals measured from pairs of
brain units (35). For instance, after defining an ROI as “seed,”
a correlation map with another ROI or the whole brain can be
estimated (35). Moreover, FC can be assessed, similarly to SC,
in the graph theory framework, using the measures listed in the
previous paragraph. Finally, FC may be derived at voxel level,
using dual regression on the ICA decomposition maps of resting
fMRI (51).

Context-dependent connectivity between brain units during
a task fMRI (49) and intrinsic connectivity between time series
of brain units during resting fMRI (35) can also be obtained.
In addition to the traditional “static” connectivity, variations
in the FC over time—dynamic FC—and in the directionality
and strength of FC between pairs of brain units—effective
connectivity—can be assessed (35, 52) (see Box 2 for the
strengths and limitations of FC assessment).

In order to investigate the substrate of CI in MS, FC may be
used directly in the statistical models or fed into the graph theory
framework to extract corresponding measures (30, 53).

CONNECTIVITY SUBSTRATES OF CI IN MS

Global Cognition
Various tools are available to explore cognition in MS (4, 54),
from short screening tests to full neuropsychological batteries
covering a wide range of cognitive performances (54–56). The
former includes the Brief International Cognitive Assessment
for Multiple Sclerosis (57) and the Multiple Sclerosis Outcomes
Assessment Consortium (58), whereas the latter comprises the
Brief Repeatable Battery of Neuropsychological tests (59) and the
Minimal Assessment of Cognitive Function in MS (56). Global

FIGURE 2 | Red color shows the most representative resting-state networks,

reflecting large-scale functional patterns, overlaid onto MNI standard brain. (A)

visual network; (B) default mode network; (C) cerebellum network; (D)

sensorimotor network; (E) auditory network; (F) executive control network; (G)

right frontoparietal network; (H) left frontoparietal network.

CI in MS can be defined in different ways: (i) performance
≤1.5 to 2 standard deviations (SDs) from the mean normative
values in 20 to 30% of tests, (ii) impairment ≥1.5 to 2 SDs in at
least two cognitive domains, (iii) use of composite scores, (iv) a
combination of the above systems (60).

Structural Connectivity
Relapsing–remitting (RR) and secondary progressive (SP) MS
patients with CI both showed a widespread reduction in two
key measures of SC, such as local efficiency and nodal strength,
suggesting the presence of a network collapse or its inability to
compensate for such impairment (61). It is thought that CI inMS
may be the result of a “disconnection syndrome” (17, 62). Such
hypothesis was investigated in RRMS patients at whole-brain
level in terms of path length, and it was found that impaired long-
range rather than short-range FA-based connections had stronger
correlation with decreased structural network efficiency, as well
as with worse global CI measured by a composite score. These
findings suggest that MS pathology mainly interrupts structural
pathways connecting remote brain regions playing an important
role for global cognition (63).

Functional Connectivity
Disruption of global FC, as shown by both reduction in mean
network degree, global efficiency and hierarchy, and increase
in path length and assortativity, contributed to distinguish MS
patients with CI [benign MS (BMS), RR, SP] from those without
CI and healthy controls (64).

Frontiers in Neurology | www.frontiersin.org 5 July 2021 | Volume 12 | Article 671894



Zhang et al. Connectivity and Cognition in MS

In pediatric RRMS, patients with preserved cognition showed,
compared to healthy controls and patients with CI, an increased
FC in the left frontoparietal network, indicating that FC may
partially contribute to compensate for disease-related structural
damage and that it may gradually fail over time with the accrual
of such damage (65). In adult RRMS, increased FC in bilateral
frontoparietal networks was found in patients with preserved
cognition, compared to healthy controls and patients with CI
(66). On the other hand, in a large study including RR, SP, and
primary progressive MS (PPMS), increased FC between thalamic
and temporal regions (i.e., hippocampus, parahippocampal
gyrus, superior temporal cortex) was found in patients with CI,
compared to patients without CI, probably reflectingmaladaptive
mechanisms toward cognition (67). Moreover, default mode
and frontoparietal networks showed increased FC with the rest
of the brain in an MS population with CI including different
phenotypes (RR, SP, and PP), suggesting that CI in MS may
be due to abnormal communication of hub-rich networks
(68). Decreased FC in the dorsal attention and default mode
networks were also identified in adult RRMS patients with CI,
probably reflecting a failure of compensatory mechanisms (66).
In PPMS patients with CI, widespread seed-based functional
network reorganization was found. In particular, there was
decreased FC of the dorsal attention network with the insula
and occipital cortex compared to PPMS patients without CI,
whereas decreased FC of the executive control network with the
insula and right frontoparietal network as well as between the
dorsal attention network and the right frontoparietal network
was observed compared to healthy controls (69).

SC–FC Coupling
In patients with clinically isolated syndrome (CIS), a stronger
structural–functional coupling, reflected by the higher
correlation coefficient between structural and functional
networks (70), was able to predict worse global CI (70). This
suggests that brain ability in reorganizing functional networks
may diminish at later disease stages so that it can no longer
compensate for MS-related structural damage (70).

Main Findings
• Decreased structural and functional network integration
• Increased structural and functional network segregation
• Altered FC in the default mode, dorsal attention, and

frontoparietal networks.

Attention
Approximately 10% of MS patients experience attention
impairment (15), which could be evaluated by either Symbol
Digit Modalities Test (SDMT) (71) or Paced Auditory Serial
Addition Test (PASAT) (71). Basic attention tasks (i.e., repeating
digits) are mostly unaffected in MS patients (3). Impairments are
more common in sustained and divided attention, where patients
are asked to attend several tasks simultaneously (3).

Structural Connectivity
Globally, in RRMS, lower PASAT correlated with measures
of SC disruption such as reduced global and local efficiency
and clustering coefficient (72). Meanwhile, reduced efficiency
showed a close correlation with larger WM lesion volume (LV),

underlying the role of lesions as a contributor to structural
network disruption in RRMS (72). Another study showed that
reduced global efficiency in SC may help explain decreased
SDMT across different MS phenotypes (RR, SP, PP) (73).

Locally, in RR and SPMS, decreased nodal strength in the
frontoparietal network, mainly driven byWMLV, correlated with
worse PASAT, underlying the importance of the SC within such
bilateral network (74).

Functional Connectivity
A reduction in the whole-brain static interhemispheric FC was
able to explain well in RRMS worse attention, as measured by
decreased SDMT and PASAT performances (75). In addition,
better PASAT performance was associated with weaker whole-
brain dynamic interhemispheric FC, suggesting that preserved
attention in RRMS may be mediated by a smaller flexibility in
such a type of connectivity (75).

Regionally, decreased FC in the dorsal attention and visual
networks was shown in RRMS patients during a visual attention
task (76). On the other hand, increased FC in the frontoparietal
network, a hub-rich network, with the rest of the brain (both
peripheral and nonhub regions) correlated with worse attention
in an MS population including RR and progressive forms (68).
Moreover, results of an interventional study showed in RRMS
patients that, after 12-week computer-assisted rehabilitation of
attention, FCwithin executive control, salience, and default mode
networks increased and correlated with improved attention (77).

Main Findings
• Decreased structural network integration and segregation
• Altered SC and FC in the frontoparietal network.

Information Processing Speed
IPS represents the amount of work performed within a time limit
(e.g., number of items completed) (54) and is often assessed inMS
by SDMT (71) or PASAT (71). IPS is the most commonly affected
cognitive domain in all MS phenotypes (3), with a prevalence of
27 to 51% (15).

Structural Connectivity
At whole-brain level, it was shown in RRMS patients a
reduced strength in rich-club and feeder (i.e., between hub and
nonhub region) connections, reflecting widespread structural
disconnection across the brain and a correlation of it with
reduced IPS as measured by PASAT (78). In patients with
CIS, increased structural clustering coefficient, reflecting the
strengthening of short-distance connections preserving local
information flow, correlated with worse IPS, as measured by a
computerized speed cognitive test, a novel test for IPS (79). In
RRMS, decreased efficiency (both global and local) and clustering
coefficient across the brain correlated with lower PASAT (72).
Moreover, in a heterogeneous MS population (RR, SP, PP),
decreased global efficiency across the brain correlated with worse
SDMT (73). Based on NODDI data, CIS patients showed that
higher whole-brain modularity coefficient was associated with
worse IPS as measured by SDMT (80). Of note, the standardized
regression coefficient describing such relationship was greater
when the modularity coefficient was obtained with NODDI data
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than with conventional DTI, indicating a better sensitivity of
NODDI for MS (80).

Beyond whole-brain alterations, SC disruption in various
structural networks showed cognitive relevance in MS. Module
efficiency, which evaluates the communication efficiency both
within and between structural networks, was found decreased
in RRMS patients within visual network, between visual and
deep GMnetworks, and between default mode and frontoparietal
networks (45), and such reductions were correlated with lower
PASAT (45). In another study, a close correlation between lower
SDMT and reduced global efficiency in the default mode network
was found in RRMS patients with and without CI, although the
decrease in such network measure was more pronounced in the
former group (81).

Functional Connectivity
Only one study assessed the relevance for IPS of the whole-brain
FC, whose increase correlated with decreased IPS, as measured
by SDMT, in a large and heterogeneous MS population (RR, SP,
PP) (82).

The relevance for IPS of the frontoparietal and default mode
networks was found not only for SC, as mentioned previously,
but also for FC. Indeed, it was shown in an MS population with
CI including different phenotypes (RR, SP, PP) that increased
FC of these two networks with the rest of the brain correlated
with worse IPS (68). During intrascanner SDMT, RR and SPMS
patients with IPS impairment showed, compared to healthy
subjects, an opposite direction of the effective connectivity in
the frontoparietal networks (83). Specifically, the FC direction
in such networks was from right dorsolateral prefrontal to right
supplementary motor cortex and from right inferior parietal to
left superior parietal cortex (83). In addition, in RRMS patients, a
higher FC within the default mode network, specifically between
medial prefrontal and frontal pole regions, appeared to facilitate
performance stability during a computerized IPS test (84). The
role of the default mode network in preserving IPS in RRMS
patients was confirmed by the correlation between a larger
increase in dynamic FC within such network from resting- to
task-state and a better performance of intrascanner SDMT (85).
Another study found that increased FC in the left frontoparietal
network correlated with better IPS in both RR and SPMS patients
(86). Moreover, an increased FC within the salience network, also
involved in effective IPS, was found in RR and SPMS (86). Of
note, in the same study, only in RRMS patients an FC increase
within default mode network showed correlation with worse
IPS (86).

In another study, worse IPS correlated with increased FC both
within deep GM and between deep GM and cortex in advanced
RRMS, and such a correlation further increased in SPMS (87).

After 8-week computer-aided cognitive rehabilitation, RRMS
patients with CI showed IPS improvement in parallel to an
increase in the default mode network FC at the level of the
posterior cingulate and bilateral inferior parietal cortices (88).

Main Findings
• Decreased structural network integration.
• Increased structural network segregation.

• Altered SC and FC of the frontoparietal and default
mode networks.

Executive Control
Executive control refers to the cognitive ability needed for
complex goal-directed behavior and adaptation to environmental
changes or demands, including planning, anticipating outcomes,
and appropriately directing resources (3). This cognitive domain
can be evaluated by Delis–Kaplan Executive Function System
Sorting test (89), Stroop word–color test (ST) (90), and
Controlled Oral Word Association Test (91). A 15 to 28% of
MS patients usually experience deficits in the executive control
domain (15).

Structural Connectivity
Worse executive control in RRMS patients correlated with
decreased structural nodal strength in the frontoparietal
networks, deep GM structures and insula (74), and within
sensorimotor, dorsal attention, left frontoparietal, and default
mode networks (92). In another study on SPMS patients where
structural networks were obtained using ICA, the component
including disrupted supratentorial WM projection tracts and
limbic association tracts showed correlation with worse executive
control (93).

Functional Connectivity
At whole-brain level, better executive control correlated with
both higher dynamics and stronger stationary FC in RRMS (94).

Alterations of regional FC also showed relevance for executive
control in MS. Indeed, the presence of “extra effective” (i.e.,
absent in the FC pattern of healthy subjects) connections
during ST resulted different across MS phenotypes (95). In
particular, worse executive control correlated with lower FC
from left posterior parietal to dorsal anterior cingulate in
BMS and with higher FC from right to left insula in SPMS,
whereas no correlation was found in RRMS. These findings
may reflect the fact that these three MS phenotypes tend
to use distinctive mechanisms during a demanding executive
control task (95). Another study demonstrated that in RRMS
patients with executive control impairment, improvement after
computer-assisted cognitive rehabilitation was associated with
increased FC between anterior cingulate and frontoparietal
cortices of the corresponding network (96). In presence of worse
executive control performance during ST, PPMS patients showed,
compared to healthy subjects, reduced effective connectivity
from left ventromedial prefrontal cortex and increased effective
connectivity from left dorsolateral prefrontal cortex to regions
of the right frontoparietal network (97), all these abnormalities
having a probable maladaptive meaning.

Main Findings
Altered SC and FC of the frontoparietal networks.

Working Memory
Working memory refers to the cognitive system that retains
information in mind while performing complex tasks such as
reasoning, comprehension, and learning (98). Working memory
can be measured by various cognitive tests such as PASAT (9,
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54), Letter–Number Sequencing, and Spatial Span subtests, and
can be divided into two processing levels, namely, maintenance
and manipulation (99). Impairment in working memory has
been detected since the early MS stage (100) and across disease
phenotypes (101). A 27 to 44% of MS patients showed a decline
in working memory over time (3).

Structural Connectivity
An important role for working memory in MS was demonstrated
by structural integrity of the frontoparietal network. Decreased
FA along the left superior longitudinal fascicle, which is one
of the major WM tracts in the left frontoparietal network,
correlated with lower working memory in RRMS, because of the
disruption of the connections to the prefrontal regions implicated
in this cognitive domain (102). As an extension, RR and SPMS
patients showing decreased global and local efficiency in the
frontoparietal network also showed worse working memory
(103). In addition, a study on ICA-based structural networks
in SPMS suggested that microstructural damage, assessed by
reduced FA, along the supratentorial WM projection and limbic
association tracts may contribute to the working memory
deficit (93).

Functional Connectivity
Patients with early MS (i.e., CIS and RRMS) showed increased
whole-brain functional network modularity (i.e., diminished
functional integration between separate functional modules),
and this correlated with worse working memory (104). In
RRMS patients, better working memory, as measured by PASAT,
was associated with smaller flexibility (i.e., more stability) of
the interhemispheric dynamic FC involving temporal regions,
anterior cingulate gyrus, and parietal regions (75).

Two studies assessed the improvement in working memory
performance after a targeted computerized cognitive training.
In the first one, it was found in a small group of patients with
juvenile MS a less decrease (i.e., a relative increase) in FC between
the subcomponents of the default mode network, probably
reflecting training-induced plasticity (105). In the second one,
performed in adult RRMS patients, it was shown that increased
FC between anterior cingulate cortex and right middle frontal
gyrus correlated with better executive control, whereas between
anterior cingulate cortex and right inferior parietal lobule
correlated with better processing speed, with both mechanisms
contributing to the improvement in working memory (96).
After receiving high-frequency repetitive transcranial magnetic
stimulation at the level of the right dorsolateral prefrontal cortex,
a better working memory in RRMS patients was associated with
increased FC between right dorsolateral prefrontal cortex and
right caudate nucleus and bilateral paracingulate gyrus (106).

Main Findings
• Altered SC and FC of the frontoparietal networks.
• Altered FC of the default mode network.

Long-Term Memory
It represents the ability to learn new information and recall them
at a later time (3). Long-term memory is tested by Selective

Reminding Test (SRT) (54), California Verbal Learning Test,
and Brief Visuospatial Memory Test, Revised (BVMT-R) (4, 54).
Impairment in this cognitive domain in MS has a prevalence of
40 to 65% (3).

Structural Connectivity
Hippocampus is the key region of memory in the human brain
(107, 108). In CIS and RRMS patients, a decrease in SC, expressed
by reduced FA and increased axial diffusivity, along perforant
pathways, which connect entorhinal cortex to hippocampus,
was found in those patients with memory impairment (109). In
another study on RRMS patients assessing tractography-derived
hippocampal memory network, worse memory performance was
associated with reduction in various SC measures [network
efficiency, right hippocampus nodal strength, streamline count,
and communicability (i.e., efficiency of the information spread)
across network] at the level of the medial temporal lobe,
thalamus, insula, and occipital cortex (110).

Functional Connectivity
Altered hippocampal FC is also important for long-termmemory
deficit in MS. Indeed, RRMS patients with impairment in
this cognitive domain showed, compared to healthy controls,
decreased FC on the left hemisphere between hippocampus
and various cortical regions (superior frontal gyrus, precuneus,
posterior cingulate cortex lateral occipital gyrus, angular gyrus)
(109) and, compared to memory-preserved MS patients, both
increased FC between left hippocampus and right supramarginal
gyrus and decreased FC between left hippocampus and right
temporo-occipital fusiform/lingual gyrus (109). In another
study on RR and SPMS, increased FC in the right posterior
hippocampus turned out to be the best correlation of long-
term memory impairment (111). Lower dynamic FC of the right
hippocampus, in addition to higher static FC of this structure
with the rest of the brain, was also able to explain an additional
13% of variance (24% in total) in worse long-term memory in
RR and SPMS (112). Following a training with a modified Story
Memory Technique in an MS population including different
phenotypes (RR, SP, and PP), improvement in long-termmemory
correlated with increased FC between left hippocampus and
cortical regions involved in visual memory and hubs of the
default mode network (113). PPMS patients showed increased
FC, assessed with seed-based approach, between the cerebellar
lobule VIIb and right precentral gyrus, correlating with worse
long-term memory measured by BVMT (114). Furthermore,
this cerebellar FC reorganization was partially independent from
cerebellar atrophy and was probably expression of a maladaptive
functional rewiring (114).

SC–FC Coupling
In patients with CIS, stronger structural–functional coupling
correlated with worse long-term memory, measured by the SRT-
consistent long-term retrieval, suggesting the presence of an
exhaustion of functional compensation to structural damage
during the early MS stage (70).

Main Findings
• Altered SC and FC in the hippocampus
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TABLE 1 | Summary of the main findings from MRI studies in MS patients showing, for each impaired cognitive domain, structural connectivity (SC) damage and

functional connectivity (FC) alterations at both global and local levels (when present).

Main findings in patients with CI (compared with HC and/or patients without CI)

Impaired cognitive domain SC damage FC alterations

Global cognition Global

↓ Local efficiency and nodal strength (in 170 RR and 18

SPMS) (61)

↓ Network efficiency (in 133 RRMS) (63)

Global

↓ Mean network degree, global efficiency and hierarchy, ↑ path

length, and assortativity (in 45 BMS, 121 RR, and 80 SPMS) (64)

Local

↓ Frontoparietal network bilaterally (in 15 RRMS) (65)

↓ Dorsal attention and default mode networks (in 15 RRMS) (66)

↑ FC between thalamic subregions and temporal regions (in 136

RR, 42 SP, and 9 PPMS) (67)

↑ Default mode and frontoparietal networks with the rest of the

brain (in 243 RR, 53 SP, and 36 PPMS) (5)

↓ FC: between dorsal attention network and the insula and

occipital cortex, between executive control network and the insula

and right frontoparietal network, between dorsal attention network

and right frontoparietal network (in 13 PPMS) (69)

Attention Global

↓ Efficiency and clustering coefficient (in 32 RRMS) (72)

Global

↑ Static and dynamic FC (in 25 RRMS) (75)

Local

↓ Integrity of the frontoparietal network bilaterally (in 66 RR

and 6 SPMS) (74)

Local

↓ FC in the dorsal attention network and ↑ FC in the ventral

attention network during a visual attention task (in 23 RRMS) (76)

↑ FA along connections from cingulate, frontal and occipital

cortices (in 66 RR and 6 SPMS) (74)

↑ FC between frontoparietal network and the rest of the brain

(both peripheral and nonhub regions) (in 243 RR, 53 SP, and 36

PPMS) (68)

Information processing speed Global

↓ Rich-club organization (in 32 RRMS) (78)

↓ Efficiency and clustering coefficient (in 58 RR, 36 SP, and

28 PPMS) (73)

↑ Modularity coefficient (in 19 CIS) (80)

Global

↓ FC at whole-brain level and of the default mode and

frontoparietal networks with the rest of the brain (in 83 RR, 31 SP,

and 16 PPMS) (82)

Local

↓ Module efficiency within visual network, between visual and

deep GM networks and between default mode and

frontoparietal networks (in 32 RRMS) (45)

↓ FA-weighted global efficiency of the default mode network,

between visual and deep GM networks, and between default

mode and frontoparietal networks (in 68 RRMS) (81)

Local

↓ Effective connectivity from right to left frontoparietal network

during a processing speed task (in 16 RR, 3 SP, and 1 PPMS) (83)

↓ FC within default mode network between medial prefrontal and

frontal pole regions facilitates performance stability (in 18

RRMS) (84)

FC within default mode and salience networks and ↓ FC in the left

frontoparietal network (in 40 RR and 25 SPMS) (86)

↑ FC within deep GM and between deep GM and cortex (in late

243 RR and 53 SPMS) (87)

Executive control Global

↓ Nodal strength within sensorimotor, dorsal attention, left

frontoparietal, and default mode networks (in 72 RRMS) (74)

Global

↓ Interplay between dynamic and stationary FC (in 46 RRMS) (94)

Local

↓ Strength in the frontoparietal networks, deep GM and insula

(in 33 RRMS) (92)

↓ FA in supratentorial projection and limbic association tracts

(in 30 SPMS) (93)

Local

↓ FC from left posterior parietal to dorsal anterior cingulate (in 18

BMS) (95)

↑ FC from right to left insula (in 33 SPMS) (95)

↓ Effective connectivity from left ventromedial prefrontal cortex to

right frontoparietal network, ↑ effective connectivity from left

dorsolateral prefrontal cortex to right frontoparietal network (in 14

PPMS) (97)

Working memory Global

↑ Whole-brain functional modularity (in 8 CIS and 8 RRMS) (104)

↑ Flexibility of interhemispheric dynamic FC between temporal

regions, anterior cingulate gyrus, and parietal regions (in 25

RRMS) (75)

Local

↓ FA along left superior longitudinal fascicle (in 23

RRMS) (102)

Local

↑ FC between default mode network components (in 5 juvenile

MS after cognitive training) (105)

(Continued)
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TABLE 1 | Continued

Main findings in patients with CI (compared with HC and/or patients without CI)

Impaired cognitive domain SC damage FC alterations

↓ Efficiency in the frontoparietal network (in 91 RR and 11

SPMS) (103)

↑ FC between anterior cingulate cortex and right middle frontal

gyrus, between anterior cingulate cortex and right inferior parietal

lobule (in 17 RRMS after cognitive rehabilitation) (96)

Long-term memory Local

↓ SC between entorhinal cortex and hippocampus (in 16 CIS

and 15 RRMS) (109)

↓ SC measures (efficiency, strength, streamline count, and

communicability) in the hippocampal network (in 71 RRMS)

(110)

Local

↓ FC between left hippocampus and various cortical regions

(superior frontal gyrus, precuneus, posterior cingulate cortex,

lateral occipital gyrus, angular gyrus)

↑ FC between left hippocampus and right supramarginal gyrus

↓ FC between left hippocampus and right temporo-occipital

fusiform/lingual gyrus (in 15 RRMS) (109)

↑ FC on the right posterior hippocampus (in 53 RR and 11 SPMS)

(111)

↑ FC between the cerebellar lobule VIIb and right precentral gyrus

(in 29 PPMS) (114)

↓ Dynamic FC of the right hippocampus,and ↑ static FC of the

right hippocampus with the rest of the brain (in 30 RR and 8

SPMS) (112)

BMS, benign MS; CI, cognitive impairment; CIS, clinically isolated syndrome; GM, gray matter; HC, healthy control; MS, multiple sclerosis; RR, relapsing–remitting; SP, secondary

progressive; PP, primary progressive.

TABLE 2 | Findings of SC damage and FC alterations of the frontoparietal

network across cognitive domains in MS.

Cognitive

domain

Connectivity

type

Connectivity findings

Attention SC Decreased nodal strength

FC Increased FC

Information

processing speed

SC Decreased communication efficiency

between frontoparietal and default

mode networks

FC Increased FC

Executive control SC Decreased nodal strength

FC Extra effective connectivity to the right

frontoparietal network

Working memory SC Decreased global and local efficiency

FC —

Long-term

memory

SC —

FC —

SC, structural connectivity; FC, functional connectivity.

Table 1 summarizes the SC and FC substrates of the different
cognitive domains in MS patients.

Table 2 summarizes the findings of altered SC and FC of
frontoparietal network across cognitive domains.

Cognitive Reserve
Cognitive reserve, which reflects the ability to cope
with disease-related CI, is thought to explain in MS the
incomplete relationship between brain disease and cognitive
status (115, 116).

Structural Connectivity
Only recently, SC has been used to investigate cognitive reserve
in MS. In a study, a moderate correlation between higher
cognitive reserve index and more preserved graph measures of
SC (nodal strength, global and local efficiency, cluster coefficient
and transitivity) across the brain was observed in RR and SPMS
patients with CI but not in those with preserved cognition, a
finding that highlights the important protective role of cognitive
reserve (117).

Functional Connectivity
A negative relationship between higher cognitive reserve index
and lower FC within salience network and occipital regions was
observed in RRMS (118). Moreover, RRMS patients with higher
premorbid verbal intelligence, a proxy for cognitive reserve,
exhibited preserved whole-brain FC despite progressive GM
atrophy, stressing the role of preserved FC for a high level of
cognitive reserve despite structural damage (119).

Cognitive Phenotypes
The characterization of MS cognitive phenotypes may represent
a step toward a better knowledge of the CI pathogenesis and
personalized treatment (8). To date, there is no study assessing
SC or FC in different MS cognitive phenotypes.

FUTURE DIRECTIONS

New diffusion MRI techniques, such as DKI, DSI, HARDI,
and NODDI, should be considered when assessing in MS
the relevance toward CI of disconnection in brain regions
with crossing fibers (21). Moreover, as MS lesions may affect
the tractography-derived reconstruction of WM fibers, they
need to be taken better into account. While traditional DTI-
based fiber tracking may underestimate the effect of MS
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lesions on WM tracts, novel methods such as constrained
spherical deconvolution–based fiber tracking (120, 121) and
convex optimization modeling for microstructure informed
tractography (122) were able to perform a more adequate WM
fiber tracts reconstruction in the MS lesional brain (121, 122),
thus providing a more reliable assessment of SC (122). Finally,
data-driven methods for extracting structural networks, such as
ICA and NMF, have rarely been used in the MS field. These
methods provide a “soft” parcellation of the brain, where each
voxel can contribute to build up multiple structural networks,
thus being more sensitive to subtle pathology, whereas for “hard”
parcellation, each voxel is uniquely assigned to a single structural
network (31).

The field of FC appears fractionated because of the different
analysis approaches, and this limits the replication and clinical
translation of the various findings (35). In order to improve the
clinical impact of FC, it is recommended for subsequent analysis
and interpretation following a pipeline of “brain representation,”
including both a spatial definition of brain units and a summary
measure representing their different features (35).

To our knowledge, no study has ever assessed SC and FC
in different cognitive MS phenotypes. Future studies in this
field would help overcome the heterogeneity of CI in MS and
better characterize cognitive groups with impairment in single or
multiple domains (54).

Reorganization of both altered SC and FC, whether
“compensatory” or “maladaptive,” is an important characteristic
of MS (38, 123). However, evidence on cognition-related
connectivity abnormalities in MS mostly derives from cross-
sectional studies, and thus, it is difficult to claim whether

such abnormalities may or may not be beneficial for cognitive
performance ofMS patients (123). Large prospective longitudinal
studies of multimodal MRI are needed in MS in order to reveal
relationships between worsening CI and changes over time in
specific brain structures and functions (54).

“Fusion” methods (124), by considering the brain as a
unified system, are able to simultaneously map alterations across
different MRI modalities and include unsupervised multivariate
methods such as independent component analysis (124),
canonical correlation analysis, partial least-squares regression
(125), and multilayer brain networks (126, 127). Such methods
may be useful in shedding light on the joint mechanisms of
altered SC and FC reorganization underlying CI in MS.

CONCLUSIONS

In recent years, studies on SC and FC contributed to the
understanding of MS-related CI. However, further studies are
needed to make these abnormalities more easily interpretable
in the research setting and above all useful in clinical practice,
by taking into account the use of standardized pipelines and
the possible bias introduced by MS lesions. Finally, longitudinal
multimodal MRI studies may shed light on the changing
associations between concurrent pathogenic mechanisms and
MS-related CI.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

1. Charcot J-M. Lectures on the diseases of the nervous system 1lectures on the
diseases of the nervous system, delivered at La Salpêtrière. Br Foreign Med
Chir Rev. (1877) 60:180–1.

2. Benedict RHB, DeLuca J, Enzinger C, Geurts JJG, Krupp LB, Rao SM.
Neuropsychology of multiple sclerosis: looking back and moving forward.
J Int Neuropsychol Soc. (2017) 23:832–42. doi: 10.1017/S1355617717000959

3. Chiaravalloti ND, DeLuca J. Cognitive impairment in multiple sclerosis.
Lancet Neurol. (2008) 7:1139–51. doi: 10.1016/S1474-4422(08)70259-X

4. DeLuca J, Chiaravalloti ND, Sandroff BM. Treatment and management of
cognitive dysfunction in patients with multiple sclerosis. Nat Rev Neurol.
(2020) 16:319–32. doi: 10.1038/s41582-020-0355-1

5. Ruano L, Portaccio E, Goretti B, Niccolai C, Severo M, Patti F, et al.
Age and disability drive cognitive impairment in multiple sclerosis across
disease subtypes. Mult Scler. (2017) 23:1258–67. doi: 10.1177/13524585166
74367

6. Leavitt VM, Tosto G, Riley CS. Cognitive phenotypes in multiple sclerosis. J
Neurol. (2018) 265:562–6. doi: 10.1007/s00415-018-8747-5

7. Zurawski J, Healy BC, Ratajska A, Barker L, Glanz BI, Houtchens M.
Identification of a predominant cognitive phenotype in patients with
multiple sclerosis. Eur J Neurol. (2020) 27:1083–8. doi: 10.1111/ene.14186

8. De Meo E, Portaccio E, Giorgio A, Ruano L, Goretti B, Niccolai C, et al.
Identifying the distinct cognitive phenotypes in multiple sclerosis. JAMA
Neurol. (2021) 78:414–25. doi: 10.1001/jamaneurol.2020.4920

9. Rocca MA, Amato MP, De Stefano N, Enzinger C, Geurts
JJ, Penner I-K, et al. Clinical and imaging assessment of
cognitive dysfunction in multiple sclerosis. Lancet Neurol. (2015)
14:302–17. doi: 10.1016/S1474-4422(14)70250-9

10. Sumowski JF, Leavitt VM. Cognitive reserve in multiple sclerosis.Mult Scler.
(2013) 19:1122–7. doi: 10.1177/1352458513498834

11. Fuchs TA, Ziccardi S, Benedict RHB, Bartnik A, Kuceyeski A, Charvet LE,
et al. Functional connectivity and structural disruption in the default-mode
network predicts cognitive rehabilitation outcomes in multiple sclerosis. J
Neuro. (2020) 30:523–30. doi: 10.1111/jon.12723

12. Fuchs TA, Wojcik C, Wilding GE, Pol J, Dwyer MG, Weinstock-
Guttman B, et al. Trait conscientiousness predicts rate of
longitudinal SDMT decline in multiple sclerosis. Mult Scler. (2020)
26:245–52. doi: 10.1177/1352458518820272

13. Benedict RHB, Morrow SA, Weinstock Guttman B, Cookfair D, Schretlen
DJ. Cognitive reserve moderates decline in information processing speed
in multiple sclerosis patients. J Int Neuropsychol Soc. (2010) 16:829–
35. doi: 10.1017/S1355617710000688

14. Lublin FD, Reingold SC, Cohen JA, Cutter GR, Sørensen PS, Thompson AJ,
et al. Defining the clinical course of multiple sclerosis: the 2013 revisions.
Neurology. (2014) 83:278–86. doi: 10.1212/WNL.0000000000000560

15. Benedict RHB, Amato MP, DeLuca J, Geurts JJG. Cognitive impairment
in multiple sclerosis: clinical management, MRI, and therapeutic avenues.
Lancet Neurol. (2020) 19:860–71. doi: 10.1016/S1474-4422(20)30277-5

16. Fornito A, Zalesky A, Breakspear M. The connectomics of brain disorders.
Nat Rev Neurosci. (2015) 16:159–72. doi: 10.1038/nrn3901

17. Chard DT, Alahmadi AAS, Audoin B, Charalambous T, Enzinger
C, Hulst HE, et al. Mind the gap: from neurons to networks to
outcomes in multiple sclerosis. Nat Rev Neurol. (2021) 17:173–84.
doi: 10.1038/s41582-020-00439-8

18. Jeurissen B, Descoteaux M, Mori S, Leemans A. Diffusion
MRI fiber tractography of the brain. NMR Biomed. (2019)
32:e3785. doi: 10.1002/nbm.3785

Frontiers in Neurology | www.frontiersin.org 11 July 2021 | Volume 12 | Article 671894



Zhang et al. Connectivity and Cognition in MS

19. Basser PJ, Pierpaoli C. Microstructural and physiological features of tissues
elucidated by quantitative-diffusion-tensor MRI. J Magn Reson B. (1996)
111:209–19. doi: 10.1006/jmrb.1996.0086

20. Walker L, Curry M, Nayak A, Lange N, Pierpaoli C. The brain development
cooperative group. A framework for the analysis of phantom data in
multicenter diffusion tensor imaging studies. Hum Brain Mapp. (2013)
34:2439–54. doi: 10.1002/hbm.22081

21. Tournier J-D. Diffusion MRI in the brain – theory and
concepts. Prog Nucl Magn Reson Spectrosc. (2019) 112–113:1–
16. doi: 10.1016/j.pnmrs.2019.03.001

22. Park H-J, Friston K. Structural and functional brain networks:
from connections to cognition. Science. (2013) 342:1238411.
doi: 10.1126/science.1238411

23. Neto Henriques R, Correia MM, Nunes RG, Ferreira HA. Exploring the 3D
geometry of the diffusion kurtosis tensor—Impact on the development of
robust tractography procedures and novel biomarkers. NeuroImage. (2015)
111:85–99. doi: 10.1016/j.neuroimage.2015.02.004

24. Wedeen VJ, Hagmann P, Tseng W-YI, Reese TG, Weisskoff RM. Mapping
complex tissue architecture with diffusion spectrum magnetic resonance
imaging.Mag Res Med. (2005) 54:1377–86. doi: 10.1002/mrm.20642

25. Tuch DS. Q-ball imaging. Magn Reson Med. (2004) 52:1358–
72. doi: 10.1002/mrm.20279

26. Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander
DC. NODDI: practical in vivo neurite orientation dispersion
and density imaging of the human brain. NeuroImage. (2012)
61:1000–16. doi: 10.1016/j.neuroimage.2012.03.072

27. Cercignani M, Gandini Wheeler-Kingshott C. From micro- to macro-
structures in multiple sclerosis: what is the added value of diffusion imaging.
NMR Biomed. (2019) 32:e3888. doi: 10.1002/nbm.3888

28. Bullmore E, Sporns O. Complex brain networks: Graph theoretical analysis
of structural and functional systems. Nat Rev Neuro. (2009) 10:186–
98. doi: 10.1038/nrn2575

29. Rubinov M, Sporns O. Complex network measures of brain
connectivity: uses and interpretations. Neuroimage. (2010)
52:1059–69. doi: 10.1016/j.neuroimage.2009.10.003

30. Petersen SE, Sporns O. Brain networks and cognitive architectures. Neuron.
(2015) 88:207–19. doi: 10.1016/j.neuron.2015.09.027

31. O’Muircheartaigh J, Jbabdi S. Concurrent white matter bundles and grey
matter networks using independent component analysis.Neuroimage. (2018)
170:296–306. doi: 10.1016/j.neuroimage.2017.05.012

32. Wu L, Calhoun VD, Jung RE, Caprihan A. Connectivity-based whole
brain dual parcellation by group ICA reveals tract structures and
decreased connectivity in schizophrenia. Hum Brain Mapp. (2015) 36:4681–
701. doi: 10.1002/hbm.22945

33. Thompson E, Mohammadi-Nejad AR, Robinson EC, Andersson JLR, Jbabdi
S, Glasser MF, et al. Non-negative data-driven mapping of structural
connections with application to the neonatal brain. NeuroImage. (2020)
222:117273. doi: 10.1016/j.neuroimage.2020.117273

34. Fornito A, Zalesky A, Breakspear M. Graph analysis of the human
connectome: promise, progress, and pitfalls. NeuroImage. (2013) 80:426–
44. doi: 10.1016/j.neuroimage.2013.04.087

35. Bijsterbosch J, Harrison SJ, Jbabdi S, Woolrich M, Beckmann C,
Smith S, et al. Challenges and future directions for representations
of functional brain organization. Nat Neuro. (2020) 23:1484–95.
doi: 10.1038/s41593-020-00726-z

36. Jiang R, Zuo N, Ford JM, Qi S, Zhi D, Zhuo C, et al. Task-
induced brain connectivity promotes the detection of individual
differences in brain-behavior relationships. Neuroimage. (2020)
207:116370. doi: 10.1016/j.neuroimage.2019.116370

37. van den Heuvel MP, Sporns O. Network hubs in the human brain. Trends
Cog Sci. (2013) 17:683–96. doi: 10.1016/j.tics.2013.09.012

38. Fleischer V, Radetz A, Ciolac D, Muthuraman M, Gonzalez-Escamilla
G, Zipp F, et al. Graph theoretical framework of brain networks in
multiple sclerosis: a review of concepts. Neuroscience. (2019) 403:35–
53. doi: 10.1016/j.neuroscience.2017.10.033

39. Fornito A, Zalesky A, Bullmore ET. Chapter 4 - node degree and strength. In:
Fornito A, Zalesky A, Bullmore ET, editors. Fundamentals of Brain Network
Analysis. San Diego, CA: Academic Press. p. 115–36. Available online at:
https://www.sciencedirect.com/science/article/pii/B9780124079083000042

40. Achard S, Bullmore E. Efficiency and cost of economical brain functional
networks. PLOS Comp Biol. (2007) 3:e17. doi: 10.1371/journal.pcbi.0030017

41. Liu J, Li M, Pan Y, Lan W, Zheng R, Wu F-X, et al. Complex brain network
analysis and its applications to brain disorders: a survey. Complexity. (2017)
2017:e8362741. doi: 10.1155/2017/8362741

42. Heuvel MP van den, Sporns O. Rich-club organization
of the human connectome. J Neurosci. (2011) 31:15775–
86. doi: 10.1523/JNEUROSCI.3539-11.2011

43. Collin G, Sporns O, Mandl RCW, van den Heuvel MP. Structural
and functional aspects relating to cost and benefit of rich club
organization in the human cerebral cortex. Cereb Cortex. (2014) 24:2258–
67. doi: 10.1093/cercor/bht064

44. Bassett DS, Bullmore E, Verchinski BA, Mattay VS, Weinberger
DR, Meyer-Lindenberg A. Hierarchical organization of human
cortical networks in health and schizophrenia. J Neurosci. (2008)
28:9239–48. doi: 10.1523/JNEUROSCI.1929-08.2008

45. Liu Y, Duan Y, Dong H, Barkhof F, Li K, Shu N. Disrupted module
efficiency of structural and functional brain connectomes in clinically
isolated syndrome and multiple sclerosis. Front Hum Neurosci. (2018)
12:138. doi: 10.3389/fnhum.2018.00138

46. Fornito A, Zalesky A, Bullmore ET. Fundamentals of Brain Network Analysis.
Amsterdam: Elsevier/Academic Press (2016).

47. Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imaging
with contrast dependent on blood oxygenation. Proc Natl Acad Sci USA.
(1990) 87:9868–72. doi: 10.1073/pnas.87.24.9868

48. Friston KJ. Functional and effective connectivity in neuroimaging: a
synthesis.HumBrainMapping. (1994) 2:56–78. doi: 10.1002/hbm.460020107

49. Cole MW, Bassett DS, Power JD, Braver TS, Petersen SE. Intrinsic and
task-evoked network architectures of the human brain. Neuron. (2014)
83:238–51. doi: 10.1016/j.neuron.2014.05.014

50. Smith SM, Vidaurre D, Beckmann CF, Glasser MF, Jenkinson M, Miller
KL, et al. Functional connectomics from resting-state fMRI. Trend Cog Sci.
(2013) 17:666–82. doi: 10.1016/j.tics.2013.09.016

51. Nickerson LD, Smith SM, Öngür D, Beckmann CF. Using dual regression to
investigate network shape and amplitude in functional connectivity analyses.
Front Neurosci. (2017) 11:115. doi: 10.3389/fnins.2017.00115

52. Gonzalez-Castillo J, Bandettini PA. Task-based dynamic functional
connectivity: recent findings and open questions. NeuroImage. (2018)
180:526–33. doi: 10.1016/j.neuroimage.2017.08.006

53. Rocca MA, De Meo E, Filippi M. Resting-state fMRI in multiple
sclerosis. In: Ulmer S, Jansen O, editors. fMRI: Basics Clinical
Applications. Cham: Springer International Publishing (2020). p. 335–53.
doi: 10.1007/978-3-030-41874-8_23

54. Sumowski JF, Benedict R, Enzinger C, Filippi M, Geurts JJ, Hamalainen P,
et al. Cognition in multiple sclerosis: State of the field and priorities for the
future. Neurology. (2018) 90:278–88. doi: 10.1212/WNL.0000000000004977

55. Benedict RH, Amato MP, Boringa J, Brochet B, Foley F, Fredrikson
S, et al. Brief international cognitive assessment for MS (BICAMS):
International standards for validation. BMC Neurol. (2012)
12:55. doi: 10.1186/1471-2377-12-55

56. Gromisch ES, ZemonV,Holtzer R, Chiaravalloti ND, DeLuca J, BeierM, et al.
Assessing the criterion validity of four highly abbreviated measures from the
minimal assessment of cognitive function in multiple sclerosis (MACFIMS).
Clin Neuropsychol. (2016) 30:1032–49. doi: 10.1080/13854046.2016.1189597

57. Langdon DW, Amato MP, Boringa J, Brochet B, Foley F, Fredrikson S,
et al. Recommendations for a brief international cognitive assessment
for multiple sclerosis (BICAMS). Mult Scl J. (2012) 18:891–8.
doi: 10.1177/1352458511431076

58. LaRocca NG, Hudson LD, Rudick R, Amtmann D, Balcer L, Benedict R, et al.
The MSOAC approach to developing performance outcomes to measure
and monitor multiple sclerosis disability. Mul Scl J. (2018) 24:1469–84.
doi: 10.1177/1352458517723718

59. Rao SM. A manual For the Brief Repeatable Battery of Neuropsychological
Tests in Multiple Sclerosis. Milwaukee: Medical College of Wisconsin (1990).

60. Amato MP, Morra VB, Falautano M, Ghezzi A, Goretti B, Patti F, et al.
Cognitive assessment in multiple sclerosis—an Italian consensus. Neurol Sci.
(2018) 39:1317–24. doi: 10.1007/s10072-018-3427-x

61. Solana E, Martinez-Heras E, Casas-Roma J, Calvet L, Lopez-Soley E,
Sepulveda M, et al. Modified connectivity of vulnerable brain nodes in

Frontiers in Neurology | www.frontiersin.org 12 July 2021 | Volume 12 | Article 671894



Zhang et al. Connectivity and Cognition in MS

multiple sclerosis, their impact on cognition and their discriminative value.
Sci Rep. (2019) 9:20172. doi: 10.1038/s41598-019-56806-z

62. Filippi M, Preziosa P, Rocca MA. Brain mapping in multiple sclerosis:
lessons learned about the human brain. Neuroimage. (2019) 190:32–
45. doi: 10.1016/j.neuroimage.2017.09.021

63. Meijer KA, Steenwijk MD, Douw L, Schoonheim MM, Geurts JJG. Long-
range connections are more severely damaged and relevant for cognition in
multiple sclerosis. Brain. (2020) 143:150–60. doi: 10.1093/brain/awz355

64. Rocca MA, Valsasina P, Meani A, Falini A, Comi G, Filippi M.
Impaired functional integration in multiple sclerosis: a graph theory
study. Brain Struct Funct. (2016) 221:115–31. doi: 10.1007/s00429-014-
0896-4

65. Rocca MA, Valsasina P, Absinta M, Moiola L, Ghezzi A, Veggiotti P,
et al. Intranetwork and internetwork functional connectivity abnormalities
in pediatric multiple sclerosis. Hum Brain Mapp. (2014) 35:4180–
92. doi: 10.1002/hbm.22469

66. Louapre C, Perlbarg V, García-Lorenzo D, Urbanski M, Benali H, Assouad
R, et al. Brain networks disconnection in early multiple sclerosis cognitive
deficits: an anatomofunctional study. Human Brain Mapp. (2014) 35:4706–
17. doi: 10.1002/hbm.22505

67. d’Ambrosio A, Cruz MH de la, Valsasina P, Pagani E, Colombo B,
Rodegher M, et al. Structural connectivity-defined thalamic subregions have
different functional connectivity abnormalities in multiple sclerosis patients:
implications for clinical correlations. Human Brain Mapp. (2017) 38:6005–
18. doi: 10.1002/hbm.23805

68. Meijer KA, Eijlers AJC, Douw L, Uitdehaag BMJ, Barkhof F,
Geurts JJG, et al. Increased connectivity of hub networks and
cognitive impairment in multiple sclerosis. Neurology. (2017)
88:2107–14. doi: 10.1212/WNL.0000000000003982

69. Petracca M, Saiote C, Bender HA, Arias F, Farrell C, Magioncalda
P, et al. Synchronization and variability imbalance underlie cognitive
impairment in primary-progressive multiple sclerosis. Sci Rep. (2017)
7:46411. doi: 10.1038/srep46411

70. Koubiyr I, Deloire M, Brochet B, Besson P, Charré-Morin J, Saubusse A, et al.
Structural constraints of functional connectivity drive cognitive impairment
in the early stages of multiple sclerosis. Mult Scler. (2021) 27:559–67.
doi: 10.1177/1352458520971807

71. Benedict RH, DeLuca J, Phillips G, LaRocca N, Hudson LD, Rudick R.
Validity of the symbol digit modalities test as a cognition performance
outcome measure for multiple sclerosis. Mult Scler. (2017) 23:721–
33. doi: 10.1177/1352458517690821

72. Shu N, Duan Y, Xia M, Schoonheim MM, Huang J, Ren Z, et al. Disrupted
topological organization of structural and functional brain connectomes
in clinically isolated syndrome and multiple sclerosis. Sci Rep. (2016)
6:29383. doi: 10.1038/srep29383

73. Charalambous T, Tur C, Prados F, Kanber B, Chard DT, Ourselin
S, et al. Structural network disruption markers explain disability in
multiple sclerosis. J Neurol Neurosurg Psychiatry. (2019) 90:219–26.
doi: 10.1136/jnnp-2018-318440

74. Llufriu S, Martinez-Heras E, Solana E, Sola-Valls N, Sepulveda
M, Blanco Y, et al. Structural networks involved in attention and
executive functions in multiple sclerosis. Neuroimage Clin. (2016)
13:288–96. doi: 10.1016/j.nicl.2016.11.026

75. Lin S-J, Kolind S, Liu A, McMullen K, Vavasour I, Wang ZJ, et al.
Both stationary and dynamic functional interhemispheric connectivity are
strongly associated with performance on cognitive tests in multiple sclerosis.
Front Neurol. (2020) 11:407. doi: 10.3389/fneur.2020.00407

76. Veréb D, Tóth E, Bozsik B, Király A, Szabó N, Kincses B, et al.
Altered brain network function during attention-modulated visual
processing in multiple sclerosis. Mult Scler. (2020) 135245852095836.
doi: 10.1177/1352458520958360

77. Parisi L, Rocca MA, Mattioli F, Copetti M, Capra R, Valsasina P, et al.
Changes of brain resting state functional connectivity predict the persistence
of cognitive rehabilitation effects in patients with multiple sclerosis. Mult
Scler. (2014) 20:686–94. doi: 10.1177/1352458513505692

78. Shu N, Duan Y, Huang J, Ren Z, Liu Z, Dong H, et al. Progressive brain rich-
club network disruption from clinically isolated syndrome towards multiple
sclerosis. Neuroimage Clin. (2018) 19:232–9. doi: 10.1016/j.nicl.2018.03.034

79. Koubiyr I, Besson P, Deloire M, Charre-Morin J, Saubusse A, Tourdias
T, et al. Dynamic modular-level alterations of structural-functional
coupling in clinically isolated syndrome. Brain. (2019) 142:3428–39.
doi: 10.1093/brain/awz270

80. Tur C, Grussu F, Prados F, Charalambous T, Collorone S,
Kanber B, et al. A multi-shell multi-tissue diffusion study of
brain connectivity in early multiple sclerosis. Mult Scler. (2020)
26:774–85. doi: 10.1177/1352458519845105

81. Savini G, Pardini M, Castellazzi G, Lascialfari A, Chard D, D’Angelo E,
et al. Default mode network structural integrity and cerebellar connectivity
predict information processing speed deficit in multiple sclerosis. Front Cell
Neurosci. (2019) 13:21. doi: 10.3389/fncel.2019.00021

82. Meijer KA, van Geest Q, Eijlers AJC, Geurts JJG, Schoonheim MM,
Hulst HE. Is impaired information processing speed a matter of
structural or functional damage in MS? Neuro Image Clin. (2018) 20:844–
50. doi: 10.1016/j.nicl.2018.09.021

83. Dobryakova E, Costa SL, Wylie GR, DeLuca J, Genova HM.
Altered effective connectivity during a processing speed task in
individuals with multiple sclerosis. J Int Neuropsychol Soc. (2016)
22:216–24. doi: 10.1017/S1355617715001034

84. WojtowiczM,Mazerolle EL, Bhan V, Fisk JD. Altered functional connectivity
and performance variability in relapsing–remitting multiple sclerosis. Mult
Scler. (2014) 20:1453–63. doi: 10.1177/1352458514524997

85. van Geest Q, Douw L, van ’t Klooster S, Leurs CE, Genova HM, Wylie
GR, et al. Information processing speed in multiple sclerosis: relevance
of default mode network dynamics. Neuro Image Clin. (2018) 19:507–
15. doi: 10.1016/j.nicl.2018.05.015

86. Manca R, Mitolo M, Stabile MR, Bevilacqua F, Sharrack B,
Venneri A. Multiple brain networks support processing speed
abilities of patients with multiple sclerosis. Postgrad Med. (2019)
131:523–32. doi: 10.1080/00325481.2019.1663706

87. Meijer KA, Eijlers AJC, Geurts JJG, Schoonheim MM. Staging
of cortical and deep grey matter functional connectivity changes
in multiple sclerosis. J Neurol Neurosurg Psychiatry. (2018)
89:205–10. doi: 10.1136/jnnp-2017-316329

88. Bonavita S, Sacco R, Della Corte M, Esposito S, Sparaco M, d’Ambrosio
A, et al. Computer-aided cognitive rehabilitation improves cognitive
performances and induces brain functional connectivity changes in relapsing
remitting multiple sclerosis patients: an exploratory study. J Neurol. (2015)
262:91–100. doi: 10.1007/s00415-014-7528-z

89. Benedict RHB, Cookfair D, Gavett R, Gunther M, Munschauer F, Garg
N, et al. Validity of the minimal assessment of cognitive function in
multiple sclerosis (MACFIMS). J Int Neuropsychol Soc. (2006) 12:549–
58. doi: 10.1017/S1355617706060723

90. Amato MP, Portaccio E, Goretti B, Zipoli V, Ricchiuti L, Caro MFD, et al.
The Rao’s brief repeatable battery and stroop test: normative values with age,
education and gender corrections in an Italian population.Mult Scler. (2006)
12:787–93. doi: 10.1177/1352458506070933

91. Batista S, Freitas S, Afonso A, Macário C, Sousa L, Cunha L, et al. Theory of
mind and executive functions are dissociated in multiple sclerosis. Arch Clin
Neuropsychol. (2018) 33:541–51. doi: 10.1093/arclin/acx101

92. Has Silemek AC, Fischer L, Pöttgen J, Penner I-K, Engel AK, Heesen C, et al.
Functional and structural connectivity substrates of cognitive performance
in relapsing remitting multiple sclerosis with mild disability. Neuro Image
Clin. (2020) 25:102177. doi: 10.1016/j.nicl.2020.102177

93. Meijer KA, Cercignani M, Muhlert N, Sethi V, Chard D, Geurts JJG, et al.
Patterns of white matter damage are non-random and associated with
cognitive function in secondary progressive multiple sclerosis. Neuro Image
Clin. (2016) 12:123–31. doi: 10.1016/j.nicl.2016.06.009

94. Lin S-J, Vavasour I, Kosaka B, Li DKB, Traboulsee A, MacKay A, et al.
Education, and the balance between dynamic and stationary functional
connectivity jointly support executive functions in relapsing-remitting
multiple sclerosis. Hum Brain Mapp. (2018) 39:5039–49. doi: 10.1002/hbm.
24343

95. Dobryakova E, Rocca MA, Valsasina P, Ghezzi A, Colombo B, Martinelli V,
et al. Abnormalities of the executive control network in multiple sclerosis
phenotypes: an fMRI effective connectivity study. Hum Brain Mapp. (2016)
37:2293–04. doi: 10.1002/hbm.23174

Frontiers in Neurology | www.frontiersin.org 13 July 2021 | Volume 12 | Article 671894



Zhang et al. Connectivity and Cognition in MS

96. Parisi L, Rocca MA, Valsasina P, Panicari L, Mattioli F, Filippi M. Cognitive
rehabilitation correlates with the functional connectivity of the anterior
cingulate cortex in patients with multiple sclerosis. Brain Imaging Behav.
(2014) 8:387–93. doi: 10.1007/s11682-012-9160-9

97. Dobryakova E, Rocca MA, Valsasina P, DeLuca J, Filippi M. Altered neural
mechanisms of cognitive control in patients with primary progressive
multiple sclerosis: an effective connectivity study. Hum Brain Mapp. (2017)
38:2580–8. doi: 10.1002/hbm.23542

98. Baddeley A.Working memory: theories, models, and controversies. Ann Rev
Psychol. (2012) 63:1–29. doi: 10.1146/annurev-psych-120710-100422

99. DeLuca J, Chelune GJ, Tulsky DS, Lengenfelder J, Chiaravalloti ND. Is
speed of processing or working memory the primary information processing
deficit in multiple sclerosis? J Clin Exp Neuropsychol. (2004) 26:550–
62. doi: 10.1080/13803390490496641

100. Audoin B, Duong MVA, Ranjeva J-P, Ibarrola D, Malikova I, Confort-
Gouny S, et al. Magnetic resonance study of the influence of tissue
damage and cortical reorganization on PASAT performance at the
earliest stage of multiple sclerosis. Human Brain Mapp. (2005) 24:216–
28. doi: 10.1002/hbm.20083

101. Grigsby J, Ayarbe SD, Kravcisin N, Busenbark D. Working memory
impairment among persons with chronic progressive multiple sclerosis. J
Neurol. (1994) 241:125–31. doi: 10.1007/BF00868338

102. Bonzano L, Pardini M,Mancardi GL, PizzornoM, Roccatagliata L. Structural
connectivity influences brain activation during PVSAT in multiple sclerosis.
Neuroimage. (2009) 44:9–15. doi: 10.1016/j.neuroimage.2008.08.015

103. Solana E, Martinez-Heras E, Martinez-Lapiscina EH, Sepulveda M, Sola-
Valls N, Bargalló N, et al. Magnetic resonance markers of tissue damage
related to connectivity disruption in multiple sclerosis. Neuro Image Clin.
(2018) 20:161–8. doi: 10.1016/j.nicl.2018.07.012

104. Gamboa OL, Tagliazucchi E, von Wegner F, Jurcoane A, Wahl M, Laufs H,
et al. Workingmemory performance of earlyMS patients correlates inversely
with modularity increases in resting state functional connectivity networks.
Neuroimage. (2014) 94:385–95. doi: 10.1016/j.neuroimage.2013.12.008

105. Hubacher M, DeLuca J, Weber P, Steinlin M, Kappos L, Opwis
K, et al. Cognitive rehabilitation of working memory in juvenile
multiple sclerosis-effects on cognitive functioning, functional MRI and
network related connectivity. Restor Neurol Neurosci. (2015) 33:713–
25. doi: 10.3233/RNN-150497

106. Hulst HE, Goldschmidt T, Nitsche MA, de Wit SJ, van den Heuvel OA,
Barkhof F, et al. rTMS affects workingmemory performance, brain activation
and functional connectivity in patients with multiple sclerosis. J Neurol
Neurosurg Psychiatry. (2017) 88:386–94. doi: 10.1136/jnnp-2016-314224

107. Di Filippo M, Portaccio E, Mancini A, Calabresi P. Multiple sclerosis and
cognition: synaptic failure and network dysfunction. Nat Rev Neurosci.
(2018) 19:599–609. doi: 10.1038/s41583-018-0053-9

108. Rocca MA, Barkhof F, De Luca J, Frisén J, Geurts JJG, Hulst HE, et al.
The hippocampus in multiple sclerosis. Lancet Neurol. (2018) 17:918–
26. doi: 10.1016/S1474-4422(18)30309-0

109. Karavasilis E, Christidi F, Velonakis G, Tzanetakos D, Zalonis I,
Potagas C, et al. Hippocampal structural and functional integrity in
multiple sclerosis patients with or without memory impairment: a
multimodal neuroimaging study. Brain Imaging Behav. (2019) 13:1049–
59. doi: 10.1007/s11682-018-9924-y

110. Llufriu S, Rocca MA, Pagani E, Riccitelli GC, Solana E, Colombo B,
et al. Hippocampal-related memory network in multiple sclerosis:
a structural connectivity analysis. Mult Scler. (2019) 25:801–10.
doi: 10.1177/1352458518771838

111. González Torre JA, Cruz-Gómez ÁJ, Belenguer A, Sanchis-Segura
C, Ávila C, Forn C. Hippocampal dysfunction is associated with
memory impairment in multiple sclerosis: a volumetric and functional
connectivity study.Mult Scler. (2017) 23:1854–63. doi: 10.1177/13524585166
88349

112. Geest Q van, Hulst HE, Meijer KA, Hoyng L, Geurts JJG, Douw
L. The importance of hippocampal dynamic connectivity in
explaining memory function in multiple sclerosis. Brain Behav. (2018)
8:e00954. doi: 10.1002/brb3.954

113. Leavitt VM, Wylie GR, Girgis PA, DeLuca J, Chiaravalloti ND. Increased
functional connectivity within memory networks following memory

rehabilitation in multiple sclerosis. Brain Imaging Behav. (2014) 8:394–
402. doi: 10.1007/s11682-012-9183-2

114. Cocozza S, Pontillo G, Russo C, Russo CV, Costabile T,
Pepe A, et al. Cerebellum and cognition in progressive MS
patients: functional changes beyond atrophy? J Neurol. (2018)
265:2260–6. doi: 10.1007/s00415-018-8985-6

115. Sumowski JF. Cognitive reserve as a useful concept for early
intervention research in multiple sclerosis. Front Neurol. (2015)
6:176. doi: 10.3389/fneur.2015.00176

116. Amato MP, Razzolini L, Goretti B, Stromillo ML, Rossi F, Giorgio A, et al.
Cognitive reserve and cortical atrophy in multiple sclerosis: a longitudinal
study. Neurology. (2013) 80:1728–33. doi: 10.1212/WNL.0b013e3182918c6f

117. Lopez-Soley E, Solana E, Martínez-Heras E, Andorra M, Radua J, Prats-
Uribe A, et al. Impact of cognitive reserve and structural connectivity
on cognitive performance in multiple sclerosis. Front Neurol. (2020)
11:581700. doi: 10.3389/fneur.2020.581700

118. Bizzo BC, Arruda-Sanchez T, Tobyne SM, Bireley JD, Lev MH, Gasparetto
EL, et al. Anterior insular resting-state functional connectivity is related to
cognitive reserve in multiple sclerosis. J Neuroimaging. (2020) 31:98–102.
doi: 10.1111/jon.12779

119. Fuchs TA, Benedict RHB, Bartnik A, Choudhery S, Li X, Mallory
M, et al. Preserved network functional connectivity underlies
cognitive reserve in multiple sclerosis. Hum Brain Mapp. (2019)
40:5231–41. doi: 10.1002/hbm.24768

120. Calamante F. The seven deadly sins of measuring brain structural
connectivity using diffusion MRI streamlines fibre-tracking. Diagnostics.
(2019) 9:115. doi: 10.3390/diagnostics9030115

121. Lipp I, Parker GD, Tallantyre EC, Goodall A, Grama S, Patitucci E, et al.
Tractography in the presence of multiple sclerosis lesions. NeuroImage.
(2020) 209:116471. doi: 10.1016/j.neuroimage.2019.116471

122. Schiavi S, Petracca M, Battocchio M, Mendili MME, Paduri S, Fleysher
L, et al. Sensory-motor network topology in multiple sclerosis: structural
connectivity analysis accounting for intrinsic density discrepancy. Human
Brain Mapp. (2020) 41:2951–63. doi: 10.1002/hbm.24989

123. Schoonheim MM, Meijer KA, Geurts JJG. Network collapse and
cognitive impairment in multiple sclerosis. Front Neurol. (2015)
6:82. doi: 10.3389/fneur.2015.00082

124. Calhoun VD, Sui J. Multimodal fusion of brain imaging data: a key to finding
the missing link(s) in complex mental illness. Biol Psychiatry Cogn Neurosci
Neuroimaging. (2016) 1:230–44. doi: 10.1016/j.bpsc.2015.12.005

125. Sui J, Jiang R, Bustillo J, Calhoun V. Neuroimaging-based individualized
prediction of cognition and behavior for mental disorders and
health: methods and promises. Biol Psychiatry. (2020) 88:818–28.
doi: 10.1016/j.biopsych.2020.02.016

126. Mandke K, Meier J, Brookes MJ, O’Dea RD, Van Mieghem P, Stam CJ,
et al. Comparing multilayer brain networks between groups: introducing
graph metrics and recommendations. NeuroImage. (2018) 166:371–
84. doi: 10.1016/j.neuroimage.2017.11.016

127. Sporns O. Graph theory methods: applications in brain networks. Dialogues
Clin Neurosci. (2018) 20:111–21. doi: 10.31887/DCNS.2018.20.2/osporns

Conflict of Interest: NS has received honoraria from Biogen-Idec, Bristol Myers
Squibb, Celgene, Genzyme, Immunic, Merck Serono, Novartis, Roche and Teva
for consulting services, speaking, and travel support. He serves on advisory boards
for Merck, Novartis, Biogen-Idec, Roche, and Genzyme, Immunic and he has
received research grant support from the Italian MS Society.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Zhang, Cortese, De Stefano and Giorgio. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org 14 July 2021 | Volume 12 | Article 671894


