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Abstract
Functional connectivity (FC) is typically altered in individuals with Multiple Sclerosis (MS). However, in relapsing-remitting
multiple sclerosis (RRMS) patients, the relationship between brain FC, tissue integrity and cognitive impairment is still unclear as
contradictory findings have been documented. In this exploratory study we compared both the whole brain connectome and
resting state networks (RSNs) FC of twenty-one RRMS and seventeen healthy controls (HCs), using combined network based
statistics and independent component analyses. The total white matter (WM) lesion volume and information processing efficien-
cy were also correlated with FC in the RRMS group. Both whole brain connectome and individual RSNs FC were diminished in
patients with RRMS compared to HC. Additionally, the reduction in FC was found to be a function of the total WM lesion
volume, with greatest impact in those harboring the largest lesion volume. Finally, a positive correlation between FC and
information processing efficiency was observed in RRMS. This complimentary whole brain and RSNs FC approach can
contribute to clarify literature inconsistencies regarding FC alterations and provide new insights on the white matter structural
damage in explaining functional abnormalities in RRMS.
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Introduction

Multiple Sclerosis (MS) is a demyelinating and progres-
sive disorder of the central nervous system that is often
(40–65%) accompanied by cognitive impairment. This is

manifested in such functions as memory and information-
processing speed, as well as in motor and sensory deficits
(Jongen et al. 2012), being depression and fatigue com-
mon among MS patients (Braley and Chervin 2010;
Skokou et al. 2012).
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Impairment is thought to emerge from compromised neu-
ronal connectivity as a consequence of multiple mechanisms
such as macroscopic lesions of white matter (WM)
(Chiaravalloti and DeLuca 2008; Massimo Filippi et al.
2018), diffuse microscopic WM abnormalities (De Santis
et al. 2019) as well as cortical lesions (Calabrese et al. 2015;
Emanuele et al. 2017). Anatomical Magnetic Resonance
Imaging (MRI) is a key component of MS diagnosis
(Polman et al. 2011) and also has led to improved understand-
ing of its pathophysiology (Castellazzi et al. 2018; M. Filippi
et al. 2011; Magliozzi et al. 2018; Tewarie et al. 2018a). More
recently, functional MRI (fMRI) has emerged as a fundamen-
tal technique used to assess the impact of brain alterations in
the cortico-cortical and cortico-subcortical connections by
looking at brain functional connectivity (FC), both at the
whole brain connectome and within specific networks known
as the Resting State Networks (RSNs) (Fox and Raichle 2007;
Jaeger et al. 2018; Marques et al. 2016; Soares et al. 2016).

Alterations of FC have been demonstrated in a number of
neurological and neuropsychiatric disorders (Deco and
Kringelbach 2014; van den Heuvel and Hulshoff Pol 2010;
Zhang and Raichle 2010) including MS (Rocca et al. 2010;
Sbardella et al. 2015a). Overall, whereas increased FC has
been described in early MS (Louapre et al. 2014) and clinical-
ly isolated syndrome (Yaou Liu et al. 2016; Roosendaal et al.
2010), studies in patients with chronic secondary progressive
and primary progressive MS have shown a decreased FC with
disease progression (Rocca et al. 2010). Nevertheless, results
have been inconsistent in relapsing-remitting MS (RRMS)
subjects, where both FC increases and decreases have been
reported (Sbardella et al. 2015b; Tahedl et al. 2018).
Regarding specific networks, RRMS patients have shown ab-
normalities in the default mode network (DMN) FC especially
in cognitively impaired patients (Louapre et al. 2014) and
reduced FC in the DMN, sensorimotor, cognitive, thalamic,
attention and cerebellar networks, while simultaneously ob-
serving increased RS FCwithin visual/sensory and subcortical
networks (Rocca et al. 2017; Roosendaal et al. 2010); further-
more, a decreased FC of the anterior cingulate cortex was also
related with the level of cognitive impairment (Bonavita et al.
2011; Rocca et al. 2010). At the whole brain connectome,
patients display a connectivity disruption accompanied by loss
of network efficiency with impact on cognition (Fleischer
et al. 2019; He et al. 2009; Y. Liu et al. 2018; Rocca et al.
2016).

These inconsistencies among studies derive from different
factors, including disease duration, topology of the lesion and
lesion load, among others (Castellazzi et al. 2018; Tewarie
et al. 2018b). In fact, structural network disconnection has
been previously associated with increased FC (Patel et al.
2018), with others suggesting that white matter damage has
an inverted U-curve effect on functional connectivity, with an
initial increase followed by a decrease in overall FC (Tewarie

et al. 2018a). While it is evident that FC in MS patients is
altered, the precise relationship between structural lesion and
complex functional networks is also not clear. Both gray and
WM lesions have impact on clinical symptoms and cognition,
but the separate effects of gray matter and WM structural
changes in MS and its relation with functional connectivity
findings are scarce. Therefore, there is a compelling need to
delineate how changes in the physical integrity of brain tissue
correlate with modified FC (Droby et al. 2016; He et al. 2009;
Langen et al. 2017; Tewarie et al. 2018b).

Abnormalities of FC are of significant clinical relevance, as
they have regularly been associated with cognitive impair-
ment and physical disability (Hawellek et al. 2011; Rocca
et al. 2010; Rocca et al. 2016). However, the heterogeneity
of FC findings in RRMS, potentially due to the wide spectrum
of clinical manifestations of the MS clinical phenotype as well
as the different methodologies employed for functional anal-
yses, makes it difficult to understand the link between struc-
tural damage, network collapses and cognitive decline. Struck
by the network FC discrepancies and the unclear link with
structural damage and cognition in MS, in this exploratory
study, we have assessed for the first time, combined and com-
plimentary whole brain connectome and specific within RSNs
FC, in the same study and cohort of RRMS subjects when
compared to Healthy Controls (HC). Additionally, we have
explored the crucial association with total WM lesion volume
and information processing efficiency, while controlling for
depression status. We hypothesized that, independently of
the FCmethodologic approach, RRMS patients would present
an altered FC when compared to HC, with FC being negative-
ly associated with the structural lesioning and cognitive status.

Materials and methods

Participants and neuropsychological assessment

The study included a group of 21 participants with clinically
definitive RRMS, recruited from the database of the
Neurology Department of a General Hospital [Hospital
Geral de Coimbra (Covões) – Centro Hospitalar de
Coimbra] and referred by the neurologists associated with
the project.

The following patient eligibility criteria was employed (a)
definite MS diagnosis (Polman et al. 2011); (b) RRMS course
of disease; (c) stable disease on the 3 months previous to the
study (no attacks); (d) neurological disability level Expanded
Disability Status Scale (EDSS) less than 5; (e) treatment with
imunomodulatory medication; and (f) right handedness.
Exclusion criteria for both groups included: (a) the presence
of any medical condition that could influence cognition; (b)
history of brain injury; (c) psychiatric disorder (current or
past); (d) psychoactive substances abuse (current or past); (e)
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severe visual impairments; and (f) incapacity and/or inability
to attend the MRI session.

The mean disability level as assessed by the EDSS had a
median of 1.5 (ranging from 0.0 to 5.0). Mean time from
diagnosis was 17.7 (±14.51) months, ranging from 1 to
48 months. A HC group included 17 healthy adults recruited
from the community with similar distribution of age and gen-
der proportion.

The neuropsychological protocol included the Minimal
Assessment of Cognitive Function in MS (MACFIMS)
(Benedict et al. 2002), which is a battery based on a consensus
of experts in the field that covers the assessment of the cogni-
tive domains typically affected in MS, namely processing
speed, memory (particularly working memory), executive
functioning and verbal fluency. For the purpose of this study
we reported only two tests (Symbol Digit Modalities Test -
SDMT and Paced Auditory Serial Addition Test - PASAT)
which have been proven to be sensitive to subtle deficits in
MS, show good psychometric properties and have been asso-
ciated with neuroimaging findings (Cardinal et al. 2008;
Christodoulou et al. 2003). It has been suggested that process-
ing speed deficit is the core cognitive deficit of MS and the
SDMT is the best available measure to detect it (Benedict et al.
2006; Benedict et al. 2012; DeLuca et al. 2004), being an
useful screening measure for brain damage and cerebral dys-
function (Strauss et al. 2007). To monitor the cognitive im-
pairment, the PASATwas also applied (Benedict et al. 2002).
Considering these evidence and based on previous reports
(Sumowski et al. 2009), we have created a composite of in-
formation processing efficiency that was calculated as the av-
erage of the z-scores in SDMT and PASAT. Mood was also
assessed, using the standard Beck Depression Inventory (BDI)
(Beck et al. 1961) Portuguese version from Vaz Serra and Pio
Abreu (1973).

All participants were right-handed and group differences of
descriptive statistics are presented in Table 1.

Data acquisition

Participants were scanned on a clinical approved Siemens Trio
Tim 3.0 T (Siemens Medical Solutions, Erlangen, Germany)
MRI. Imaging protocols included one structural T1 - weighted
acquisition and one functional T2* - weighted acquisition,
conducted in the same session. For structural analysis, a T1
high-resolution anatomical sequence, 3D MPRAGE (magne-
tization prepared rapid gradient echo) was performed with the
following scan parameters: repetition time (TR) = 2.300 s,
echo time (TE) = 2.98 ms, 160 sagittal slices with no gap, flip
angle (FA) = 9°, Field of View (FoV) = 256 mm, in-plane res-
olution = 1.0 × 1.0 mm2 and slice thickness = 1.0 mm. During
the RS fMRI acquisition, using gradient echo weighted echo-
planar images (EPIs), the participants were instructed to keep

their eyes closed and to think about nothing in particular. The
imaging parameters were: 150 volumes, TR = 2.0 s, TE =
30 ms, FA =90°, in-plane resolution = 3.0 × 3.0 mm2, 46 in-
terleaved slices, slice thickness = 3 mm and FoV = 240 mm.

Image pre-processing

RS fMRI data preprocessing was performed using the FMRIB
Software Library (FSL v5.07; http://fsl.fmrib.ox.ac.uk/fsl/)
tools. To achieve signal stabilization and allow participants
to adjust to the scanner noise, the first 5 fMRI volumes
(10 s) were discarded using fslroi. Images were firstly
corrected for slice timing using the first slice as reference
using slicetimer. To correct for head motion, images were
realigned to the middle image with a six-parameter rigid-body
spatial transformation using mcflirt. Images were then spatial-
ly normalized with a non-linear transformation to the MNI
(Montreal Neurological Institute) standard coordinate system,
being re-sampled to 2x2x2 mm3 (same resolution as the MNI
template) using trilinear interpolation using flirt/fnirt and
smoothed to decrease spatial noise with a 8 mm, full width
at half maximum (FWHM), Gaussian kernel using fslmaths.
Resting state images were finally temporally band-pass fil-
tered (0.01–0.08 Hz) using fslmaths. After pre-processing,
two participants were excluded from the analyses steps as they
presented head motion higher than 2 mm in translation and/or
1° in rotation.

Measurement of total WM lesion volume

After the visual inspection of the 3D T1 MPRAGE images of
each participant by one certified neuroradiologist (MA) and
confirming that they were not affected by critical headmotion,
the total WM lesion volume was manually calculated. Lesions
were firstly identified and manually outlined (based on the T1
hypointensities) in the three planes of the images (coronal,
sagittal and axial) by a certified neuroradiologist (MA) and
then checked by two observers (JMS and RC), blinded to
patient’s clinical and cognitive status. Each individual lesion’s
volume in mm3 was then summed to constitute the total WM
lesion volume for each participant. The procedures of identi-
fication, segmentation and volumetric quantification of the
lesions were performed using the 3D Slicer Software (htts://
www.slicer.org/).

Network construction

Testing of FC was performed both at the whole brain
connectome level and within each RSN level.

A general linear model (usign fsl_glm) was used to remove
the effect of several confounds. The mean WM and cerebro-
spinal fluid signals, 6 motion parameters and motion outliers
(calculated using fsl_motion_outliers) were included.
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For the whole-brain connectome analysis, mean time-series
for 116 cortical, subcortical and cerebellar regions from the
Anatomical Automatic Labeling (AAL) (Tzourio-Mazoyer
et al. 2002) atlas were extracted. A symmetric adjacency ma-
trix R was then produced, where each cell rij corresponded to
the correlation coefficient (r) between the time-series of re-
gions i and j. This matrix was then transformed with Fisher’s
r-to-Z transformation to convert Pearson correlation coeffi-
cients between the 116 time-series to normally distributed Z-
values. The network node connections can be classified in
short-range connections (interactions between anatomically
adjacent nodes) and long-range connections (projections from
distant anatomical areas/nodes), based on the Euclidean dis-
tance between the center of gravity of the nodes.

Group Independent Component Analysis (gICA) was per-
formed with the entire sample (HC and RRMS groups) using
FSL MELODIC (Multivariate Exploratory Linear Optimized
Decomposition into Independent Components) (Beckmann
and Smith 2004). This procedure involves the temporal con-
catenation of each subject’s dataset into a single 4D dataset in
order to perform group-wise ICA. The number of components
to extract was automatically estimated by the software.

Group RSNs were visually identified, including the DMN,
attention networks (dorsal attention network - DAN and ven-
tral attention network - VAN), sensorimotor, salience, basal
ganglia, precuneus, visual (primary and higher), auditory
and language. In order to extract the subject’s specific compo-
nents corresponding to the group-wise identified RSNs of in-
terest, the dual regression procedure using randomise was
employed. The dual regression procedures work in two stages
for each subject: first the group averaged spatial maps are
(through a multiple regression) regressed into the subject 4D
space dataset, creating a unique time-series for each RSN.
Next, the time-series are regressed into the subject’s 4D
dataset, resulting in a spatial map for each subject and for each
network chosen. Mean WM and cerebrospinal fluid signals,
and the six motion parameters resulting from the motion cor-
rection step were included in the matrix for the second step of
the dual regression in order to correct for its influence in the
subject specific spatial maps. The group spatial map of each
network was then thresholded at its 99th percentile in order to
extract the clusters that define each RSN.

Statistical analyses

Characterization of the samples was done using the IBM
SPSS Statistics software, v.22 (IBM, New York) and Matlab
R2016b. Comparisons between groups were performed with
two-tailed independent-samples t-test and a chi square test for
the gender. For all these comparisons, the significance level
was set at 0.05. Values are presented as mean ± standard de-
viation of the mean on Table 1.

Whole brain connectivity networks were analyzed through
a Network Based Statistics (NBS) approach (Zalesky et al.
2010). NBS procedure consists first in the application of a
statistical model independently for each individual network
connection and thresholding these by a user-defined thresh-
old. Thereafter, the identification of sub-networks composed
of connections that survive the primary threshold is per-
formed, and its significance according to the network size is
determined. The sub-networks significance is calculated by
comparing their sizes with the distribution of the sub-
networks size obtained through 5000 random permutations
of the original hypothesis. Because different user defined
thresholds can yield topologically different networks, three
standard different connection thresholds were tested at
p < 0.01, 0.005 and 0.001. Results were considered significant
at p < 0.05 corrected for multiple comparisons at the network
level. Similarly to the local connectivity, independent two
samples t-tests were used to test for group differences and
two multiple regressions to explore the correlation between
whole brain functional connectivity with the total WM lesion
volume and the composite of information processing
efficiency.

RSNs FC analyses were performed using the second-level
random effect analyses in SPM12 (http://www.fil.ion.ucl.ac.
uk/spm/software/spm12/). Initially, analyses were performed
only to confirm each RSN FC, using one-sample t-tests for
each group and each RSN in study. Thereafter, two-sample t-
tests were performed to compare each RSN between the
RRMS and HC groups. Finally, to investigate the impact of
the total WM lesion volume and the information processing
efficiency composite on the FC, two multiple regression anal-
ysis were performed between each RSN FC and the total WM
lesion volume (normalized for each participant’s total

Table 1 Descriptive statistics of the study participants

Characteristics MS HC Difference

Males/Females 9/12 7/10 χ2 = 0.01; p = 0.917

Mean Age (Stdev); range 37.05 (9.29); 20–55 35.87 (8.01); 23–55 t = 0.389; p = 0.6996

SDMT (Stdev); range 46.95 (8.35); 32–62 61.93 (12.15); 27–76 t = −2.567; p = 0.0146
PASAT (Stdev); range 35.05 (11.04); 14–55 43.63 (8.96); 22–57 t = −1.727; p = 0.0927
Information processing efficiency composite (Stdev); range −1.02 (0.76); −2.38 to 0.41 0.66 (0.85); −2.18 to 1.10 t = −3.81; p = 0.0005
BDI (Stdev); range 11.0 (7.8); 0–28 3.8 (3.9); 0–12 t = 3.11; p = 0.0036
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intracranial volume) and the information processing efficiency
composite, controlling for BDI. We controlled for depression
symptoms considering its high prevalence in MS as well as its
high impact and relation with fatigue and cognitive alterations
(Patrick et al. 2009; Skokou et al. 2012). All RSNs results
were considered significant at p < 0.05 corrected for multiple
comparisons using the Monte Carlo correction based on the
combination of a p value and a minimum cluster size calcu-
lated for each RSN. A minimum cluster size of 54 voxels for
the DMN, 11 for the DAN, 34 for the VAN, 32 for the senso-
rimotor, 35 for the salience, 18 for the basal ganglia, 30 for the
precuneus, 23 for the primary visual, 28 for the higher visual,
20 for the auditory and 32 for the language network, calculat-
ed with AFNI’s 3dClustSim, was used. Results were inclu-
sively masked with the RSN templates from (Shirer et al.
2012).

Anatomical labelling for all results was defined by a com-
bination of visual inspection and Anatomical Automatic
Labelling atlas (AAL) (Tzourio-Mazoyer et al. 2002).

Results

Participants description

Descriptive statistics of the participants are presented in
Table 1. Groups did not differ significantly in terms of age,
gender and PASAT. On the other hand, groups differed in
SDMTand information processing efficiency composite, with
participants with RRMS presenting lower Z-Scores (worse
performance). Mean total WM lesion volume in the RRMS
was 2194,3 mm3 (STDev 1326,7 mm3), ranging from
637 mm3 to 4703 mm3.

Whole brain Connectome

Whole brain decreased network FC in the RRMS group was
observed when compared to the HC for each of the three
defined thresholds. In contrast, no network nodes or connec-
tions presented increased FC in RRMS for any threshold. The
FC of both short and long-range connections was decreased in
the RRMS group, as compared to HC. Based on the most
significant threshold, the most evident FC decreases in the
RRMS group were in the connections between frontal regions
(the bilateral superior frontal gyri and the right middle frontal
gyrus), the bilateral supramarginal gyrus, subcortical regions
(the right amygdala, middle and posterior cingulate, insula and
thalamus), temporal regions (the right Heschl gyrus, and the
bilateral temporal superior regions) and the cerebellum. The
significant regions for each threshold are presented in
Table S1, and the relevant nodes and connections may be seen
in Fig. 1A.

Resting State network connectivity

The FC within typical brain regions underlying the auditory,
basal ganglia, DAN, DMN, high visual, language, precuneus,
primary visual, salience, sensorimotor and VAN networks was
initially confirmed for both groups (results not shown) in the
one-sample t-test analyses. During RS, participants with
RRMS were characterized by decreased FC in the auditory,
DMN, primary visual, salience, sensorimotor and VAN net-
works and an increased FC in the DAN, when compared to
controls. No differences were observed between RRMS and
HC for the basal ganglia, high visual, language and precuneus
networks. Significant regions within each RSN are displayed
in Fig. 1B and described in Table 2.

Association between Total WM lesion volume
and RRMS functional connectivity

After exploring the principal FC differences between RRMS
and HC, we investigated the influence of the total WM lesion
volume on FC. A negative correlation between the total WM
lesion volume and whole brain connectome’s FC was found at
all thresholds. No regions with positive correlation were found
at any threshold. The FC of both short and long-range con-
nections was affected by increased total WM lesion volume.
Specifically, a subnetwork composed of nodes connecting the
basal ganglia (the bilateral putamen and pallidum) as the cen-
tral nodes, with the left thalamus, insula and posterior cingu-
late, the left superior frontal gyrus and the cerebellum, was
characterized by a greater FC decrease in the presence of
greater total WM lesion volume. The specific significant re-
gions associated with the total WM lesion volume for each
threshold are presented in Table S2 as the relevant nodes and
connections in Fig. 2A.

At the RSN level, a significant negative correlation be-
tween the total WM lesion volume and FC for RRMS was
found in the basal ganglia network, DAN, DMN, high visual,
precuneus, salience, sensorimotor and VAN networks. No sig-
nificant correlations were found with the auditory, language
and primary visual networks. The significant regions within
each RSN which were correlated with total WM lesion vol-
ume are displayed in Fig. 2B and detailed in Table 3.

Association between information processing
efficiency and RRMS functional connectivity

At the connectome level, we observed a positive correlation
between information processing efficiency composite and FC
in the RRMS group for all the thresholds. Long-range connec-
tions between the frontal and cerebellar regions were the most
predominant at the most significant threshold, i.e. a subnet-
work composed of nodes connecting the middle and left su-
perior orbitofrontal cortex, anterior cingulate cortex, left
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caudate, right thalamus, cerebellum and vermis. The specific
significant regions that correlated with the information pro-
cessing efficiency for each threshold are presented in
Table S3, with the relevant nodes and connections charted in
Fig. 3A.

For specific RSNs, there was also a positive correlation
between information processing efficiency and the FC of the
DMN, precuneus, sensorimotor and VAN networks. No sig-
nificant correlations were found with the auditory, basal gan-
glia, DAN, high visual, language, primary visual and salience
networks. Specific significant regions within each RSN which
correlated with information processing efficiency are
displayed in Fig. 3B and described in Table 4.

Discussion

Alterations in the FC of individuals with MS have been well
described (Rocca et al. 2010; Rocca et al. 2017; Sbardella
et al. 2015a), however they are difficult to interpret based on
the divergent results (both FC increases and decreases). As
acknowledged by others, it is possible that the inconsistent
findings, particularly evident in RRMS, result from differing
methodological approaches, namely a more focused analysis

on the individual RSNs FC (precluding complimentary whole
brain FC information), differences in the disorder duration,
clinical and cognitive spectrum phenotypes as well as varia-
tions in the degree of structural damage (Tewarie et al. 2018a).
In this study, we dissected the FC differences between RRMS
andHC not only at RSNs level, but also expanding it to a more
holistic global network model of the entire brain using a
connectome approach, while simultaneously exploring the in-
fluence of structural WM damage and the relation with an
information processing efficiency index in the same cohort.
The present data: i) confirmed the findings of FC decreases at
the RSNs seen with RRMS, but also expands the observations
to the whole brain connectome in the same cohort; ii) demon-
strated the association between the total WM lesion volume
load and the FC decrease in RRMS and; iii) found a positive
correlation between brain FC and information processing ef-
ficiency in RRMS (independently of depressive symptoms).

Whole brain connectome and resting state network’s
FC in RRMS

At the whole brain level, a global widespread (cortical and
subcortical) FC decrease was observed in the RRMS group
as compared to HC, which is consistent with other studies
which showed a decrease in the FC of specific brain regions
with disease progression (Bonavita et al. 2011; Rocca et al.
2010; Rocca et al. 2017) as well as findings consistent with a
generalized network “collapse” (Schoonheim et al. 2015).
While other studies which assessed structural network effi-
ciency in MS concluded that the short-range connections

Table 2 Group differences in brain regions of the auditory, DMN, primary visual, salience, sensorimotor, VAN and DAN networkmaps (two sample t-
tests, corrected for multiple comparisons, p < 0.05)

Condition Network Regions Peak MNI coordinates Cluster size Z-
Score

C >MS Auditory Right Heschl 50, −12, 6 27 3.73

DMN Left superior frontal gyrus −22, 8, 48 63 3.22

Left middle frontal gyrus −24, 12, 56 2.73

Primary Visual Left Calcarine −6, −76, 16 25 2.93

Salience Left Superior motor area −2, 4, 58 60 3.79

Right Insula 46, 14, −4 70 3.67

Sensorimotor Right Postcentral gyrus −48, −22, 50 243 3.73

Left Precentral gyrus −42, −14, 60 3.61

VAN Right Supramarginal gyrus 48, −38, 40 185 3.91

Right superior Parietal lobule 48, −44, 60 3.18

Right Angular gyrus 52, −48, 32 2.74

Right middle frontal gyrus 36, 16, 56 46 3.32

Left superior Parietal gyrus −24, −80, 50 31 3.19

MS >C DAN Left superior Frontal gyrus −26, −4, 64 43 3.27

Left inferior Parietal gyrus −28, −44, 42 16 3.00

Fig. 1 Altered Functional Connectivity (FC) in Relapsing-Remitting
Multiple Sclerosis (MS) patients compared to Healthy Controls (HC) at
whole brain connectome (A – reduced FC in MS patients using primary
thresholds of p < 0.01, p < 0.005 and p < 0.001, corrected for multiple
comparisons) and within Resting State Networks (RSNs) (B, HC >MS
on top and MS >HC on bottom, corrected for multiple comparisons)

R
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appear to be more impaired (He et al. 2009; Tahedl et al.
2018), our results suggest that at a functional level both short
and long-connections seem to be equally affected. More spe-
cifically, a pronounced FC decrease was found in a subnet-
work including: a) the superior frontal regions, consistent with
previous findings showing a functional loss of “critical” fron-
tal hubs in MS (Rocca et al. 2016); b) the insula, associated
with decreased structural node efficiency in MS (He et al.
2009); c) the thalamus, thought to be involved in clinical man-
ifestations ofMS, such as fatigue, motor and cognitive deficits
(Minagar et al. 2013; Rocca et al. 2016); d) the temporal pole,
found to present a decreased structural efficiency in MS (He
et al. 2009); and; e) the cerebellum, found to have a decreased
connectivity in MS (Dogonowski et al. 2014; Rocca et al.
2017).

Our RSN results were characterized by the same pattern of
FC decrease in all networks but the DAN. The FC decreases in
RRMS, as compared to controls, in the auditory, primary vi-
sual and sensorimotor networks are likely to be related to the
well-described motor and sensory deficits observed in many
MS patients (Brownlee et al. 2017). Decreases in the FC of the
DMN, but also herein extended to the salience and VAN net-
works, have also been described in MS and associated with
cognitive impairment (Louapre et al. 2014; Rocca et al. 2010;

Rocca et al. 2017). Although we demonstrated FC decrease in
local networks, increased FC of the DAN was observed. This
result is consistent with other studies, suggesting that alter-
ations in connectome and RSNs FC may be dissociated and
a deeper understanding of other mechanisms that underlie FC
alterations are still on debate (Dogonowski et al. 2014) and
should consider brain disease duration, clinical and disability
status as well as topology and structural damage (both gray
and white matter).

Association between WM lesioning and FC in RRMS

Alterations in neural transmission along cortico-cortical and
cortico-subcortical connections have been associated withMS
disease-related WM lesions, and constitute functional evi-
dence for the concept of a multisystem “disconnection syn-
drome” (He et al. 2009; Langen et al. 2017). Indeed, our data
showed a direct correlation between the total WM lesion vol-
ume load and the reduction in the connectome’s FC (both
short and long-range connections equally affected), tending
to support the described impact of the disease-related tissue
damage upon brain FC. WM lesion load profoundly affected
the FC connectome, more specifically a subnetwork including
the superior frontal gyrus, insula, posterior cingulate cortex,
putamen, pallidum, thalamus and the cerebellum. It has been
postulated that regions such as the posterior cingulate cortex
and the precuneus, known to present high metabolic rates at
rest, are most vulnerable to the effects of disease and structural
damage, as we have observed in our study (Cavanna and
Trimble 2006; Rocca et al. 2017; Rocca et al. 2016). The FC

Table 3 Correlation between total WM lesion volume and RSNs FC in RRMS (multiple regressions, corrected for multiple comparisons, p < 0.05)

Correlation Network Regions Peak MNI coordinates Cluster size Z-
Score

Negative Basal Ganglia Left Caudate −14, 14, 6 186 3.43

Left Thalamus −12, −14, 10 2.93

Right Thalamus 10, −16, 10 40 3.08

Right Caudate 12, 4, 12 20 2.78

DAN Right Postcentral gyrus 52, −26, 48 16 2.82

DMN Left Anterior cingulate cortex −8, 46, 6 223 3.19

Right Posterior cingulate cortex 12, −44, 26 60 3.05

Left Precuneus −2, −44, 40 2.63

High Visual Left inferior Occipital gyrus −38, −82, −8 32 3.39

Precuneus Right Precuneus 6, −68, 48 174 2.90

Left Precuneus −4, −68, 34 2.64

Salience Right Superior motor area 4, 14, 58 193 3.87

Right superior Frontal gyrus 16, 12, 60 3.66

Sensorimotor Left Postcentral gyrus −54, −12, 46 40 3.07

Right Precentral gyrus 28, −14, 68 34 2.49

VAN Right middle Frontal gyrus 32, 36, 40 99 2.64

Fig. 2 Reduced Functional Connectivity (FC) in Relapsing-Remitting
Multiple Sclerosis (MS) patients correlated with Total WM Lesion
Volume at whole brain connectome (A, using primary thresholds of
p < 0.01, p < 0.005 and p < 0.001, corrected for multiple comparisons)
and within Resting State Networks (RSNs, corrected for multiple com-
parisons) (B)
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of subcortical regions, namely the thalamus, putamen, caudate
and pallidum and visual and sensorimotor FC networks was
also highly influenced by the WM lesion load. These subnet-
works have been related to clinical factors and the most com-
monly reported and often debilitating symptom in MS, i.e.
fatigue (Brownlee et al. 2017; Finke et al. 2015). Reduced
cerebellar FC with increased lesion load has also previously
been reported in MS, and was inversely correlated with global
clinical disability (Dogonowski et al. 2014). Finally, a higher
lesion load, which leads to decreased FC in the DMN, salience
and attention networks (DAN and VAN) is likely to affect

cognitive and information processing efficiency in MS
(Louapre et al. 2014; Rocca et al. 2017). .

Association between information processing
efficiency and FC in RRMS

In accordance and as previously mentioned, FC alterations in
MS have frequently been associated with impairment of cog-
nitive function (Hawellek et al. 2011; Louapre et al. 2014;
Rocca et al. 2016). Herein, we have observed a positive cor-
relation between connectome’s FC and information

Fig. 3 Increased Functional Connectivity (FC) in Relapsing-Remitting
Multiple Sclerosis (MS) patients correlated with information processing
efficiency at whole brain connectome (A, using primary thresholds of p <

0.01, p < 0.005 and p < 0.001, corrected for multiple comparisons) and
within Resting State Networks (RSNs, corrected for multiple compari-
sons) (B)
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processing efficiency for both short and long-range connec-
tions, with a higher prominence for long-range connections,
especially between frontal and cerebellar regions. In particu-
lar, impaired FC in the long-range pathway between frontal
and cerebellar brain regions is reported to contribute to failure
of cognitive compensation in MS (Bonnet et al. 2010), as
subnetworks involving these regions have been positively cor-
related with the cognitive efficiency (Dogonowski et al. 2014;
Rocca et al. 2017; Rocca et al. 2016). Specifically, when con-
sidering the RSNs only on the RRMS group, we observed that
FC of the frontal regions of the DMN and VAN displayed a
positive correlation with information processing efficiency. In
fact DMN FC is considered to be an important component of
cognition and is proposed to be essential for efficient cognitive
performance (Newton et al. 2011). This observation is consis-
tent with findings showing that cognitively impaired patients
with MS typically display a decreased DMN deactivation dur-
ing task performance (Rocca et al. 2014), and decreased FC
during resting state (Louapre et al. 2014). Abnormal FC of the
VAN and precuneus networks was also found in MS patients
with cognitive impairment (Petracca et al. 2017). Finally our
results also highlight the role of the sensorimotor network’s
FC as a possible surrogate for MS (Castellazzi et al. 2018;
Rocca et al. 2017). Overall, both cognitive and sensoriomotor
RSNs are likely to be influenced by disease progression and
appear to be complementary in determining FC alterations, as
reduced FC in cognitive and increased FC in sensorimotor
RSNs appear to differentiate MS with short from longer dis-
ease duration (Castellazzi et al. 2018).

Limitations and conclusions

This study presents limitations that should be addressed.
Firstly it is a cross-sectional design with a limited sample size
of RRMS patients. Additionally, we cannot exclude that fac-
tors such as diffuse microscopic WM abnormalities and gray
matter lesions might also contribute to the relationship be-
tween brain FC and clinical dysfunction. We also recognize

the importance of using a T2 sequence for lesion volume
calculation, the lesion location, its individual volume and per-
form lesion filling, and note that this study does not address
that variables. Therefore, considering additional radiological
evidence (e.g. different image acquisitions, atrophy, etc), as
well as other clinical, disability and disease duration, together
with exploring anatomical templates more recent than AAL
(which presents sub-par deep grey matter segmentation),
should be addressed by future studies. Finally, results from
our exploratory approach cannot infer the role of FC alter-
ations in compensatory or neural disruption hypothesis, which
warrants a longitudinal and multimodal approach.
Nonetheless, to the best of our knowledge there are no prior
reports which have sought to evaluate both the whole brain
connectome and RSNs FC on the same study and cohort of
MS patients, the influence of WM lesions and information
processing efficiency.

It is hoped that our results may contribute to the clarifica-
tion of the literature inconsistency regarding FC alterations
with MS patients, as well as to better delineate the impact of
WM lesioning in the FC between key network hubs as the
frontal regions, thalamus, cerebellum and the DMN, and its
relation to information processing efficiency.
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