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Abstract: Active motor functional magnetic resonance imaging (fMRI) studies have shown that pediat-
ric multiple sclerosis (MS) patients have a strictly lateralized pattern of activations and a preserved
functional connectivity (FC) within the motor system when compared to age-matched healthy controls.
However, it is still not clear whether a preserved FC in pediatric MS is present only in the motor sys-
tem, or involves other relevant functional system. Resting-state (RS) fMRI is a valuable tool for an
unbiased investigation of FC abnormalities of multiple networks. This study explored abnormalities of
RS FC within and between large-scale neuronal networks from 44 pediatric MS patients and 27 con-
trols and their correlation with clinical, neuropsychological, and conventional MRI measures. Com-
pared to controls, pediatric MS patients had a decreased FC of several regions of the sensorimotor,
secondary visual, default-mode (DMN), executive control, and bilateral working memory (WMN) net-
works. They also experienced an increased FC in the right medial frontal gyrus of the attention net-
work, which was correlated with T2 lesion volume. Cognitively impaired patients had decreased RS
FC of the right precuneus of the left WMN. An increased FC between the sensorimotor network and
the DMN, and between the L WMN and the attention network as well as a decreased FC between L
WMN and the DMN were also found. A distributed pattern of FC abnormalities within large-scale
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neuronal networks occurs in pediatric MS patients, contributes to their cognitive status, and is partially
driven by focal white matter lesions. Internetwork connectivity is relatively preserved in these patients.
Hum Brain Mapp 35:4180–4192, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

An estimated 3–10% of patients with multiple sclerosis

(MS) have an onset of the disease before the age of 18

years [Banwell et al., 2007; Krupp et al., 2007]. Compared

to their adult counterparts, patients with pediatric-onset

MS take longer to accrue similar levels of disability

although they tend to reach a certain level of disability at

a younger age than adult-onset MS patients [Renoux et al.,

2007; Simone et al., 2002].
Several factors have been examined to explain the more

favorable clinical outcome of patients with pediatric MS,
at least in the short and medium terms, including their
immunological profile [Chabas et al., 2010], the level of
myelination of the CNS [Absinta et al., 2011; Ghassemi
et al., 2008], which might lead to a different susceptibility
to disease-related structural damage, and a preservation of
their functional reserve because of brain plasticity.
Although several investigations have been performed to
clarify the first two aspects, at present only two studies
have assessed brain functional reorganization in this
patient population [Rocca et al., 2009, 2010a]. Both of these
studies used fMRI with an active paradigm to explore
motor system function in terms of activations and func-
tional connectivity (FC). They found that, in contrast to
adult patients with relapsing remitting (RR) MS who
showed a bilateral recruitment of several regions of the
sensorimotor network, pediatric RRMS patients experi-
enced a focused and strictly lateralized pattern of
movement-associated brain activations, with increased
fMRI activity only of the contralateral primary sensorimo-
tor cortex when compared to age-matched healthy controls
[Rocca et al., 2009, 2010a]. No [Rocca et al., 2010a] or mini-
mal modifications [Rocca et al., 2009] of motor network FC
were found in these patients. Whether this behavior is lim-
ited to the motor system in the pediatric population or,
conversely, involves the functional organization of the
brain more globally has not yet been determined. Clearly,
one of the main issues related to the use of active fMRI
paradigms, especially in pediatric and diseased popula-
tions, is that the results can be influenced by task perform-
ance. Recently, a task-free approach, based on the
quantification of FC among anatomically separate, but
functionally related brain regions at rest has been intro-
duced. Resting-state (RS) fMRI is markedly improving our
knowledge of different psychiatric and neurological condi-
tions, including MS [Bonavita et al., 2011; Hawellek et al.,

2011; Rocca et al., 2010b; Roosendaal et al., 2010], and
might be also useful to obtain an unbiased investigation of
FC abnormalities of multiple networks. RS FC has not
been employed in pediatric patients with MS so far.

In this study, we investigated the integrity of the princi-
pal brain RS networks (RSNs) and interactions among
these networks in a relatively large sample of right-
handed pediatric RRMS patients. To this aim, we per-
formed, in addition to a “classical” analysis of RS FC, a
functional network connectivity (FNC) analysis. The corre-
lations between abnormalities of intra- and internetwork
connectivity and clinical (disease duration, disability, and
cognitive impairment) and MRI measures of structural
damage (T2 lesions and microscopic damage to the
normal-appearing white matter and gray matter [GM])
were also explored.

METHODS

Subjects

We studied 44 consecutively recruited right-handed [Old-
field, 1971] pediatric patients with RRMS [Lublin and Rein-
gold, 1996], and 27 gender- and age-matched healthy
controls, with no previous history of neurological or psychi-
atric disorders, and a normal neurological exam (Table I).
Patients with acute disseminated encephalomyelitis were
excluded in accordance with published operational criteria
[Dale et al., 2009; Krupp et al., 2007]. To be included,
patients had to be relapse- and steroid-free for at least
3 months. Exclusion criteria were concomitant therapy
with antidepressants, psychoactive drugs, and a history of
major medical, neurological or psychiatric disorders as
well as drug and alcohol abuse.

Ethics Committee Approval

Approval was received from the local ethical standards
committee on human experimentation, and written
informed consent was obtained from all subjects’ parents
prior to study enrolment.

Neuropsychological Evaluation

All patients underwent a neuropsychological assessment
using the Brief Neuropsychological Battery for Children
(BNBC), which has been standardized and validated for
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Italian pediatric MS patients [Portaccio et al., 2009]. The
assessment was performed within 3 days of the MRI study
by an experienced observer blinded to the clinical and
MRI results. The BNBC includes: (a) global cognitive func-
tioning with intelligence quotient; (b) verbal learning and
delayed recall with the Selective Reminding Test (SRT,
SRT-Delayed); (c) visuospatial learning and delayed recall
with the Spatial Recall Test (SPART, SPART-Delayed); (d)
sustained attention and concentration with the Symbol
Digit Modalities Test (SDMT) and the Trail Making Test
(TMT-A and TMT-B); (e) abstract reasoning through the
Modified Card Sorting Test; (f) expressive language
through a Semantic and Phonemic verbal fluency test and
an Oral Denomination test; and (g) receptive language
using the Token test, the Indication of Pictures from the
Neuropsychological Examination for Aphasia, and the
Phrase Comprehension test from the Battery for the Analy-
sis of Aphasic Deficits. The 5th or 95th percentile of the
corrected scores of the normative data was used as the
cut-off for determining failure at a given test. Patients
with an abnormal performance in �2 tests were classified
as cognitively impaired (CI) [Portaccio et al., 2009].

MRI Acquisition

Using a 3.0 Tesla Philips Intera scanner, the following
images of the brain were acquired from all subjects: (a)
T�22 weighted single-shot echo planar imaging (EPI)
sequence for RS fMRI (repetition time [TR] 5 3,000 ms,
echo time [TE] 5 35 ms, flip angle [FA] 5 90�, field of

view [FOV] 5 240 mm 3 240 mm; matrix 5 128 3 128,
slice thickness 5 4 mm, 200 sets of 30 contiguous axial
slices, parallel to the AC–PC plane); (b) dual-echo turbo
spin echo (SE) (TR/TE 5 3,500/24,120 ms; FA 5 150�;
FOV 5 240 mm 3 240 mm; matrix 5 256 3 256; echo train
length 5 5; 44 contiguous, 3-mm-thick axial slices); (c) 3D
T1-weighted fast field echo (FFE) (TR 5 25 ms, TE 5 4.6
ms, FA 5 30�, FOV 5 230 mm2, matrix 5 256 3 256, slice
thickness 5 1 mm, 220 contiguous axial slices, in-plane
resolution 5 0.89 3 0.89 mm2); and (d) pulsed-gradient SE
EPI (TR/TE 5 8,775/58 ms, acquisition matrix 5 112 3

88, FOV 5 240 3 231 mm2, 55 contiguous, 2.3-mm thick,
axial slices) with SENSE (acceleration factor 5 2), and dif-
fusion gradients applied in 35 noncollinear directions. Two
optimized b factors were used for acquiring diffusion
weighted images (b 5 0 and b 5 900 s mm22). Total acqui-
sition time for RS fMRI was about 10 min. During scan-
ning, subjects were instructed to remain motionless, to
close their eyes, and not to think anything in particular.
All subjects reported that they had not fallen asleep during
scanning, according to a questionnaire filled out immedi-
ately after the MRI session.

Analysis of Intrinsic Brain FC in RSNs

Using SPM8, RS fMRI scans were realigned to the first
one of each session using a six-degree (three translations
and three rotations) rigid-body transformation to correct
for minor head movements. The mean cumulative transla-
tions were 0.20 mm (standard deviation [SD] 5 0.15 mm)

TABLE I. Main demographic, clinical, and structural MRI characteristics of the control subjects and pediatric

patients with MS, first considered as a whole and then divided into cognitively preserved (CP) and cognitively

impaired (CI) MS patients

Healthy
controls

Pediatric
MS patients

CP MS
patients

CI MS
patients P-valuea P-valueb

Boys/girls 11/16 16/28 9/19 7/9 0.7 0.7
Mean age (years) (range) 15.3 (9.4–18) 15.1 (7.6–18) 15.0 (11–18) 15.1 (7.6–18) 0.5 0.7
Median EDSS (range) — 1.5 (0.0–4.0) 1.0 (0.0–2.5) 1.5 (0.0–4.0) — 0.4
Mean disease duration (years) (range) — 1.9 (0.5–8.1) 1.4 (0.5–4.9) 2.8 (0.5–8.1) — 0.03
Mean brain T2 LV (mL) (SD) — 4.8 (6.7) 3.0 (2.1) 7.6 (10.1) — 0.2
Mean BPF (%) (SD) 0.85 (0.01) 0.84 (0.01) 0.84 (0.01) 0.83 (0.01) 0.10 0.09
Mean white matter fraction (%) (SD) 0.35 (0.01) 0.35 (0.01) 0.35 (0.01) 0.34 (0.01) 0.9 0.3
Mean GMF (%) (SD) 0.50 (0.01) 0.49 (0.01) 0.49 (0.01) 0.49 (0.01) 0.12 0.3
Average lesion FA (SD) — 0.33 (0.03) 0.33 (0.03) 0.33 (0.03) — 0.8
Average lesion MD (mm2/s21) (SD) — 1.01 (0.08) 1.01 (0.09) 1.02 (0.04) — 0.09
Mean normal-appearing white matter

FA (SD)
0.41 (0.02) 0.38 (0.03) 0.39 (0.02) 0.36 (0.03) <0.001 <0.001

Mean normal-appearing white matter
MD (mm2/s21) (SD)

0.79 (0.02) 0.79 (0.02) 0.79 (0.01) 0.80 (0.04) 0.9 0.3

Mean GM MD (mm2/s21) (SD) 0.87 (0.02) 0.89 (0.03) 0.89 (0.02) 0.90 (0.04) 0.03 0.04
Mean GM FA (SD) 0.17 (0.01) 0.17 (0.02) 0.17 (0.01) 0.18 (0.02) 0.7 0.6

aMann–Whitney U-test.
bKruskall and Wallis test.
Abbreviations: EDSS, expanded disability status scale; LV, lesion volume; BPF, brain parenchymal fraction; GMF, gray matter fraction;
FA, fractional anisotropy; MD, mean diffusivity; GM, gray matter.
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for controls and 0.26 mm (SD 5 0.20 mm) for pediatric MS
patients (P 5 0.4), the mean rotations were <0.3� in both
groups (P 5 0.6). The mean individual motion was calcu-
lated for each subject as the average of the six realignment
parameters estimated by SPM. Data were then normalized
to the SPM8 default EPI template using a standard affine
transformation, with data subsampling to a resolution of 3
mm 3 3 mm 3 4 mm [Calhoun et al., 2001], and smooth-
ing using a 3D 6-mm Gaussian kernel. We decided to use
the default EPI template provided by SPM, because nor-
malization to this template was demonstrated to work
well on subjects older than 6 years, which was the case of
our study [Muzik et al., 2000]. The goodness of normaliza-
tion was confirmed by the high correlation found between
the normalized images and the default EPI template (r-val-
ues ranging from 0.95 to 0.97). Linear detrending and
band-pass filtering between 0.01 and 0.08 Hz were per-
formed using the REST software (http://resting-fmri.sour-
ceforge.net/) to partially remove low-frequency drifts and
physiological high-frequency noise.

After these preprocessing steps, RS FC was assessed

using an independent component analysis (ICA) with the

GIFT software [Calhoun et al., 2001], and following three

main steps: (i) data reduction, (ii) group ICA, and (ii) back

reconstruction. First, individual subjects’ data were

reduced to a lower dimensionality by using a principal

component analysis. Then, RS fMRI data from all subjects

were concatenated and reduced to one group. The inde-

pendent group components were estimated using the Info-

max approach [Bell and Sejnowski, 1995] and were used to

compute spatial maps and temporal profiles of the indi-

vidual subject components (back reconstruction). The

number of independent group components was 40, a

dimension determined using the minimum description

length criterion [Calhoun et al., 2001]. The statistical reli-

ability of the IC decomposition was tested by using the

ICASSO toolbox [Himberg et al., 2004], and by running

Infomax 10 times with different initial conditions and

bootstrapped data sets. Individual functional maps were

converted to Z-scores before entering group statistics, to

obtain voxel values comparable across subjects.
Visual inspection of the spatial patterns and a frequency

analysis of the spectra of the estimated ICs allowed the
removal of components clearly related to artifacts. A system-
atic process was also applied to inspect and select the compo-
nents of interest from those remaining. To identify ICs with
potential functional relevance, a frequency analysis of the IC
time courses was first performed to detect those with a high
(50% or greater) spectral power at a low frequency (between
0.01 and 0.05 Hz). Then, RSNs of interest were selected using
spatial correlation against a set of a priori defined network
templates. We chose to use standard templates for the detec-
tion of RSNs because of the relatively high mean age of our
study population (i.e., 15 years for both controls and pediat-
ric MS patients). Indeed, it has been recently shown that, by
the age of 10–12 years, only small spatial differences from

adult patterns are present in all RSNs with functional rele-
vance [Jolles et al., 2011; Supekar et al., 2010]. The default-
mode network (DMN) was identified through a voxel-wise
correlation with the DMN template provided in GIFT
[Franco et al., 2009]. The remaining network templates were
generated using the WFU Pickatlas [Maldjian et al., 2003] on
the basis of the Brodmann areas and cluster peaks reported
in the literature (salience network [SN]: [Seeley et al., 2007];
frontoparietal working memory networks [WMN], lateral-
ized to the left and right hemisphere: [Damoiseaux et al.,
2006]; executive control [ECN], sensorimotor, primary visual,
secondary visual and auditory networks: [Smith et al., 2009];
frontoparietal attention network: [Fox et al., 2005]). The ICs
with the highest square correlation coefficients (R2, as imple-
mented in GIFT the software package) with each of these
templates were selected. Only components having a square
correlation coefficient of >0.20 (corresponding to a plain cor-
relation coefficient of >0.40) were included in the analysis.

Analysis of Intrinsic Brain Connectivity among

RSNs

The ICA algorithm assumes that the signal time courses
of brain areas belonging to the same IC are synchronous
[Calhoun et al., 2004]. Although RS components are spa-
tially independent, significant temporal correlations exist
between them. We explored such temporal associations by
analyzing the time series of the RSNs of interest using the
FNC toolbox (http://mialab.mrn.org), and computing a
constrained maximal lagged correlation between compo-
nent time courses as described previously [Jafri et al.,
2008]. The maximum allowed lag between time courses
was set at 6 s. The time courses from all ICs of interest
and for all subjects were interpolated, using low-pass tem-
poral interpolation implemented in Matlab (The Math-
Works, Natick, MA) and resampled to 250-ms bins to
enable the detection of sub-TR hemodynamic delay differ-
ences between subjects [Calhoun et al., 2000; Jafri et al.,
2008]. Subsequently, the maximal lagged correlation was
examined among all pair-wise combinations between com-
ponents. In other words, we examined the correlation
between two IC time courses, A and B, when B is circu-
larly shifted from 26 to 16 s around A. The maximal cor-
relation value and the corresponding lag were saved for
each of the analyzed time course pairs.

Structural MRI Analysis

Following standard procedures in our lab, [Rocca et al.,
2012] lesion volumes (LVs) were measured from the dual-
echo scans (Jim 5.0, Xinapse Systems, www.xinapse.com).
For the analysis of white matter and gray matter (GM) vol-
umes, 3D FFE images were segmented using SPM8 and the
“New Segment” toolbox. The algorithm used by this toolbox
for segmentation is based on the maximum likelihood mix-
ture model [Ashburner and Friston, 1997] and, thanks to the
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use of improved registration models and of an extended set
of tissue probability maps, is able to produce more accurate
maps of the CSF than those produced by the classical SPM
segmentation. After producing mutually exclusive masks of
white matter, GM, and CSF tissues, the intracranial volume
(ICV) was calculated as the sum of white matter, GM, and
CSF volumes. Then, brain parenchymal fraction (BPF)
(white matter 1 GM volumes [GMVs]/ICV), GM fraction
(GMF) (GMV/ICV), and white matter fraction (white matter
volume/ICV) were calculated. To exclude a possible influ-
ence of GM atrophy on the voxel-wise comparisons of RS
FC between healthy controls and pediatric RRMS patients,
the average Z-scores of GMV were extracted from each clus-
ter of each RSN of interest and used as a confounding cova-
riate in the statistical analysis as described previously
[Villain et al., 2008]. Briefly, the GM maps obtained by seg-
menting 3D FFE images were spatially normalized to the
GM population-specific template generated from the com-
plete image set by using the Diffeomorphic Anatomical
Registration using Exponentiated Lie algebra (DARTEL)
registration method [Ashburner, 2007] and smoothed using
a 6-mm Gaussian kernel (the same as used to smooth RS
fMRI scans). The resulting GM maps were used to create Z-
score maps of GM atrophy by applying the following for-
mula: ([subject individual GM value 2 control mean GM
value]/control [SD] GM value) as described previously [Vil-
lain et al., 2008].

Diffusion weighted images were first corrected for dis-
tortion induced by eddy currents, using an algorithm
which maximizes the mutual information between the dif-
fusion un-weighted and the weighted images [Studholme
et al., 1996]. Then, the DT was calculated, and mean diffu-
sivity (MD) and fractional anisotropy (FA) derived for
every pixel as described previously [Cercignani et al.,
2001]. The b 5 0 image of the PGSE acquisition was core-
gistered with the T2-weighted images and the same trans-
formation applied to the DT-derived maps as described
previously [Absinta et al., 2010]. Using SPM8, brain GM,
white matter, and CSF were automatically segmented from
dual-echo images. The resulting masks were superimposed
onto the MD and FA maps (on which hyperintense lesions
were masked out previously), and the corresponding MD
and FA histograms of the normal-appearing white matter
and GM were produced. For each histogram, the average
MD and FA were measured.

Statistical Analysis

A nonparametric Mann–Whitney U-test was used to
assess between-group differences in clinical and MRI meas-
ures using the SPSS software package. Comparisons among
controls, CP, and CI MS patients were performed by using a
Kruskall and Wallis test. Individual subjects’ data from all
RSNs of interest were entered into the SPM8 random-effect
analysis, to assess the spatial extent of within-group
FC (one-sample t-test in controls and MS patients together,

P < 0.05; family-wise error corrected; cluster extent 5 50
voxels). The mean RS FC within each RSN was computed
by averaging the Z-scores of a given RSN for each study
subject. Regional Z-scores of RS FC and the corresponding
regional Z-scores of GMV were extracted from each signifi-
cant SPM cluster of each network using the Marsbar toolbox
[Brett et al., 2002]. Average FC values of whole RSN and
regional FC values of each SPM cluster were compared
between controls and pediatric MS patients, as well as
among controls, CP, and CI MS patients, using SPSS with
ANOVA models adjusted for age, gender, and average
mean motion. For each network, a correction for multiple
comparisons was performed using false discovery rate
(FDR) [Benjamini and Hochberg, 1995]. Correlations
between RS abnormalities (i.e., Z-scores of the clusters
showing significant differences between groups) versus dis-
ease duration, EDSS, T2 LV, and DT MRI metrics were
assessed using multiple regression models adjusted for age
and gender. The whole analysis was also repeated after add-
ing the regional Z-scores of GMV as a covariate (or the GMF
for the comparison of whole RSN FC).

Correlations and lag values obtained for each subject
with the FNC toolbox were averaged for the two groups.
Statistically significant within-group correlations among
RSNs were calculated for each group, separately, using
one-sample t–tests. Between-group differences of FNC
were then assessed using a two-sample t-test (when com-
paring controls vs. all pediatric MS patients) and an
ANOVA model (when comparing controls, CP, and CI MS
patients). As for RS FC analysis, correction for multiple
comparison was performed by using FDR, as implemented
in the FNC toolbox [Jafri et al., 2008]. As it was the case
for FC, FNC analysis was also repeated after adding the
GMF as a confounding covariate.

RESULTS

Structural MRI

Table I summarizes the main structural MRI characteris-
tics of the study groups. Results of the neuropsychological
assessment showed that 25 pediatric MS patients were CP.
Controls, CP, and CI MS patients were matched for gender
and age (Table I). Compared to controls, pediatric MS
patients had a reduced normal-appearing white matter
average FA and increased GM MD, whereas no between-
group differences were found for BPF, GMF, white matter
fraction, normal-appearing white matter MD, and GM FA.
Compared to CP patients, pediatric CI MS patients had
longer disease duration, lower normal-appearing white
matter average FA, and higher GM MD (Table I).

Intrinsic Brain Activity in RS Networks

The analysis of RS fMRI detected 11 spatial maps of
potentially relevant RSNs, including those related to
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sensorimotor areas (sensorimotor RSN I and II, R2 with
the sensorimotor network template 5 0.34 and 0.23), pri-
mary, and secondary visual cortical areas (R2 with the pri-
mary and secondary visual networks templates 5 0.62 and
0.46), primary and secondary auditory areas (R2 with the
auditory network template 5 0.59), DMN (R2 with the
DMN template 5 0.35), ECN (R2 with the ECN template
5 0.52), SN (R2 with the SN template 5 0.25), two WMNs
(R2 with the templates of the left and right WMN 5 0.28
for both networks), and one frontoparietal network related
to attention (R2 with the attention RSN template 5 0.20).
All these components were stable across multiple runs of
IC decomposition (stability index assessed by ICASSO
ranged from 0.93 to 0.97).

Table II summarizes the mean FC values (expressed as
Z-scores) of each RSN in healthy controls and pediatric
MS patients, first considered as a whole and then divided
into CP and CI MS patients. No differences were found
among study groups, even after adjusting for GMF.

Table III and Figure 1 summarize and show the regional dif-
ferences between healthy controls and pediatric MS patients
(as a whole and divided into CP and CI MS patients) for the
RSNs identified. Compared to controls, pediatric MS patients
had a decreased FC of several regions of the sensorimotor net-
works (R postcentral gyrus and L cerebellum), secondary vis-
ual network (L vermis of the cerebellum), DMN (L angular
gyrus), ECN (L middle temporal gyrus [MTG]), and bilateral
WMN (L and R precuneus). They also experienced an
increased FC in the R medial frontal gyrus of the attention net-
work (Table III). The majority of these between-group differ-
ences remained significant after adjusting for regional GMV

(Table III). Significant differences between controls, CP, and
CI MS patients were found for RS FC of the sensorimotor net-
work (L cerebellum, P 5 0.003), DMN (L angular gyrus, P 5

0.01), and L WMN (R precuneus, P 5 0.02). Only RS FC of this
latter cluster was significantly different between pediatric CP
and CI MS patients at post hoc comparison (Table III).

Intrinsic Brain Connectivity among RS Networks

FNC results are summarized in Table IV, which reports
significant correlations found among RSNs in healthy con-
trols and pediatric MS patients, separately, and significant
differences of correlations between groups. Compared to
controls, pediatric MS patients had an increased FC
between the sensorimotor II network and the DMN (P 5

0.01), and between the L WMN and the attention network
(P 5 0.01). They also showed a decreased FC between the
L WMN and the DMN (P 5 0.02). The decreased FC
between L WMN and DMN was the only difference sur-
viving to the correction for GM atrophy (P 5 0.01). No dif-
ferences of FNC were found between CP and CI MS
patients (data not shown). The lag of correlations among
RSNs also did not differ between groups.

Analysis of Correlations

In pediatric MS patients, T2 LV was significantly corre-
lated with increased FC of the R medial frontal gyrus (r 5

20.46, P 5 0.003) (Fig. 2) of the attention network. This
correlation also remained significant when excluding the

TABLE II. Mean values of Z-scores (and SDs) of global RS functional connectivity within each RS network of interest

in healthy controls and pediatric patients with MS, first considered as a whole and then divided into CP and CI

patients

RS networks
Healthy
controls

Pediatric
MS patients

CP MS
patients

CI MS
patients P-valuea P-valueb P-valuec P-valued

Sensorimotor network I 1.11 (0.20) 1.11 (0.18) 1.11 (0.21) 1.13 (0.20) 0.76 0.69 0.73 0.82
Sensorimotor network II 1.83 (0.27) 1.81 (0.30) 1.82 (0.26) 1.78 (0.39) 0.82 0.66 0.87 0.96
Primary visual network 1.40 (0.37) 1.43 (0.37) 1.43 (0.35) 1.43 (0.38) 0.63 0.46 0.65 0.58
Secondary visual network 1.03 (0.23) 1.05 (0.23) 1.05 (0.25) 1.06 (0.18) 0.74 0.86 0.94 0.96
Auditory network 1.51 (0.20) 1.52 (0.19) 1.50 (0.20) 1.53 (0.20) 0.91 0.46 0.60 0.73
Default mode network 0.41 (0.09) 0.39 (0.11) 0.40 (0.11) 0.39 (0.10) 0.33 0.56 0.76 0.85
Executive control network 0.95 (0.16) 0.92 (0.17) 0.96 (0.16) 0.86 (0.18) 0.36 0.79 0.11 0.38
Salience network 1.16 (0.16) 1.13 (0.19) 1.14 (0.18) 1.08 (0.21) 0.40 0.89 0.53 0.61
Parietal attention network 0.99 (0.16) 1.02 (0.12) 1.03 (0.14) 1.02 (0.09) 0.46 0.46 0.76 0.86
Working memory

network (left)
0.83 (0.13) 0.83 (0.12) 0.84 (0.11) 0.80 (0.10) 0.90 0.53 0.72 0.83

Working memory
network (right)

0.94 (0.14) 0.97 (0.12) 0.98 (0.11) 0.95 (0.14) 0.58 0.52 0.74 0.73

aComparison between healthy controls and all pediatric MS patients; ANOVA model adjusted for age, gender, and average mean motion.
bComparison between healthy controls and all pediatric MS patients; ANOVA model adjusted for age, gender, average mean motion,
and GMF.
cComparison among healthy controls, CP, and CI pediatric MS patients; ANOVA model adjusted for age, gender, and average mean motion.
dComparison among healthy controls, CP, and CI pediatric MS patients; ANOVA model adjusted for age, gender, average mean motion,
and GMF.
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three outlier patients having a T2 LV of >10 mL (r 5

20.32, P 5 0.05). No correlations were found between RS
FC modifications and EDSS, disease duration, and normal-
appearing white matter and GM DT MRI values. Similarly,
no correlations were detected between FNC correlation
coefficient and clinical and structural MRI variables.

DISCUSSION

Using a task-free and unbiased analysis, in this observa-
tional study, we quantified abnormalities of FC within and
between the principal brain RSNs in a relatively large
group of pediatric RRMS patients with a range of disabil-
ities and disease durations, with the ultimate goal of
describing FC modifications in this population, their corre-
lation with clinical manifestations (disability and cognitive

impairment), and their modulation by structural brain
damage.

Studies in adult patients with MS have demonstrated
abnormal RS FC of several sensory and cognitive networks
through the course of the disease, starting from patients
with clinically isolated syndromes (CIS) suggestive of MS
[Roosendaal et al., 2010] to those with the progressive dis-
ease clinical phenotypes [Rocca et al., 2010b]. However,
these studies did not provide univocal results, leading to
somewhat discordant interpretations of the role of RS FC
modifications in these patients. Specifically, although some
investigations found a distributed increased global FC of
the main brain RSN [Faivre et al., 2012; Roosendaal et al.,
2010], others did not [Rocca et al., 2012]. Several factors
may help to explain these discrepancies between the previ-
ous studies, including methodological aspects related to
RS analysis, network selection, and clinical and neuropsy-
chological scales administered, heterogeneity of clinical

Figure 1.

Illustrative examples of the spatial patterns of RS FC from

healthy controls and pediatric MS patients (P < 0.05, family-wise

error corrected) and bar plots showing average Z-scores and

standard deviations of each significant cluster of between-group

difference. (A) Sensorimotor network II; (B) secondary visual

network; (C) DMN; (D) ECN; (E) left (L) WMN; (F) right (R)

WMN; (G) frontoparietal attention network. Blue bars repre-

sent clusters of decreased RS FC in pediatric MS patients versus

controls, and red bars represent clusters of increased RS FC in

pediatric MS patients versus controls. Abbreviations: L, left; R,

right; MTG, middle temporal gyrus; MFG, medial frontal gyrus.
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characteristics of the patients enrolled and the severity of
structural damage to the CNS. Notably, in some studies
the regional analysis of RS FC abnormalities showed a
reduced FC in clinically and/or CI patients [Bonavita

et al., 2011; Rocca et al., 2012, 2010b], which has been
interpreted as a failure of compensatory mechanisms
owing to accumulation of structural disease burden. In the
same studies, an increased FC has been interpreted as

TABLE IV. Within-group correlation coefficients (r) among RSNs with potential functional relevance in healthy con-

trols and pediatric patients with MS assessed with FNC analysis

RSN pair: correlation Controls Pediatric MS patients

P-valueaBetween And R-value P-valueb R-value P-valueb

Sensorimotor I Sensorimotor II 0.33 <0.001* 0.40 <0.001* n.s.
Primary visual 0.43 <0.001* 0.40 <0.001* n.s.
Secondary visual 0.32 <0.001* 0.31 <0.001* n.s.
Auditory 0.49 <0.001* 0.42 <0.001* n.s.
DMN 0.24 <0.001* 0.27 <0.001* n.s.
SN 0.20 <0.001* — n.s. n.s.

Sensorimotor II Primary visual 0.24 <0.001* 0.32 <0.001* n.s.
Secondary visual 0.23 0.002* 0.32 <0.001* n.s.
Auditory 0.44 <0.001* 0.44 <0.001* n.s.
DMN — n.s. 0.21 <0.001* 0.01

SN 0.10 0.03 — n.s. n.s.
WMN (R) — n.s. 20.12 0.005* n.s.
Frontoparietal attention 0.21 <0.001* 0.12 0.02* n.s.

Primary visual Secondary visual 0.36 <0.001* 0.38 <0.001* n.s.
Auditory 0.38 <0.001* 0.36 <0.001* n.s.
DMN 0.23 <0.001* 0.24 <0.001* n.s.
SN 0.23 0.001* 0.15 0.001* n.s.
WMN (L) 0.12 0.02 0.13 0.008* n.s.
Frontoparietal attention 0.17 0.005* 0.20 <0.001* n.s.

Secondary visual Auditory 0.31 <0.001* 0.30 <0.001* n.s.
DMN — n.s. 0.12 0.01* n.s.
SN — n.s. 20.11 0.01* n.s.
WMN (R) — n.s. 20.09 0.04 n.s.
Frontoparietal attention 0.17 0.01* 0.17 0.002* n.s.

Auditory ECN 0.24 <0.001* 0.21 <0.001* n.s.
SN 0.43 <0.001* 0.35 <0.001* n.s.
WMN (L) 20.17 0.009* 20.24 <0.001* n.s.
WMN (R) — n.s. 20.17 <0.001* n.s.
Frontoparietal attention 0.37 <0.001* 0.28 <0.001* n.s.

DMN ECN — n.s. 20.12 0.04 n.s.
SN — n.s. 20.13 0.01* n.s.
WMN (L) 0.44 <0.001* 0.33 <0.001* 0.02

WMN (R) 0.24 <0.001* 0.20 <0.001* n.s.
ECN SN 0.65 <0.001* 0.63 <0.001* n.s.

WMN (R) 0.30 <0.001* 0.23 <0.001* n.s.
Frontoparietal attention 0.37 <0.001* 0.25 <0.001* n.s.

SN Parietal attention 0.39 <0.001* 0.37 <0.001* n.s.
WMN (R) 0.29 <0.001* 0.30 <0.001* n.s.

WMN (L) Frontoparietal attention 0.13 0.02 0.29 <0.001* 0.01

WMN (R) 0.33 <0.001* 0.35 <0.001* n.s.
WMN (R) Frontoparietal attention 0.34 <0.001* 0.30 <0.001* n.s.

aTwo-sample t-test, P-values uncorrected for multiple comparison.
bOne-sample t-test, P-values uncorrected for multiple comparison.
*P-values surviving FDR correction for multiple comparisons.
Significant between-group connectivity differences, as well as connectivities significantly present in only one group, are highlighted in
bold font. Note that as coefficients are symmetrical (i.e., given two RSNs A and B, correlation between A and B is the same as that
between B and A), they were reported only once.
Abbreviations: DMN, default mode network; ECN, executive control network; SN, salience network; WMN, working memory network;
L, left; R, right; n.s., not significant.
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reflecting a compensatory effect [Bonavita et al., 2011; Roo-
sendaal et al., 2010] as it was found in patients with CIS
but not in those with RRMS [Bonavita et al., 2011; Roosen-
daal et al., 2010], and was more evident in cognitively
intact patients [Bonavita et al., 2011; Roosendaal et al.,
2010]. Such a straightforward compensation hypothesis
has been recently contradicted by the demonstration that
increased RS FC in early-stage MS patients of areas
involved in attention and cognitive control correlated with
a poorer clinical and cognitive performance [Faivre et al.,
2012; Hawellek et al., 2011]. As a consequence, against the
prevailing compensatory theory, it has been proposed that
increased RS FC abnormalities might also reflect maladap-
tive mechanisms, which may contribute to impaired cogni-
tive functions.

The study of patients with pediatric MS offers the
unique opportunity to examine disease-related mecha-
nisms of damage and recovery operative in a different
stage of the disease. Using ICA, we identified 11 poten-
tially relevant RSNs both in pediatric controls and in pedi-
atric patients. In line with the results of a few recent
studies in adult patients with RRMS [Rocca et al., 2012;
Roosendaal et al., 2010], the analysis of global network RS
FC revealed no differences between patients and controls.
Conversely, the regional analysis of intranetwork RS FC
showed that, with the exception of the primary visual,
auditory, and SN, for all the remaining networks signifi-
cant differences existed between controls and pediatric
RRMS patients. In detail, compared to controls, pediatric
RRMS patients had a decreased RS FC of several areas of
sensory- and cognitive-related RSNs, mainly located in
posterior brain regions (within the parietal, temporal, and
occipital lobes). Regional abnormalities of RS FC of the
principal brain networks have been consistently demon-
strated in the majority of neurological and psychiatric dis-
eases of adulthood and childhood [Greicius et al., 2007;

Seeley et al., 2007; van den Heuvel and Hulshoff Pol, 2010;
Zhou et al., 2010]. However, it is still matter of debate
whether such abnormalities are a primary cause of symp-
toms in these conditions, or arise secondary to common
etiologic mechanisms.

The between-group comparison also showed that, com-
pared to controls, pediatric MS patients had an increased RS
FC of the medial frontal gyrus (of the attention network),
which was inversely related to the volume of T2 lesions.
Notably, such an increased RS FC was more pronounced

(even if this was not statistically significant) in CP MS
patients. Although caution is needed when interpreting this
finding, also in consideration of the fact that such a differ-
ence was not detected after correction for GMV, the correla-
tion we found suggests that this increased RS FC might, at

least partially, contribute to counteract disease-related
abnormalities when structural damage is relatively modest,
whereas this mechanism is likely to fail with accumulating
structural abnormalities. Although this hypothesis has to be
confirmed by future RS FC studies, results obtained by pre-

vious RS fMRI studies seem to support the occurrence of this
mechanism: in adult patients with MS, increased RS FC of
several regions has been interpreted as an indication of an
early but finite process as it was detected in CIS patients

without structural damage, but not in RRMS patients with
widespread white matter abnormalities [Roosendaal et al.,
2010]. Similarly, in healthy adults, an increased RS FC in the
DMN has been demonstrated in APOE E4 carriers relative to
noncarriers [Filippini et al., 2009; Westlye et al., 2011], sug-

gesting that these measures might be sensitive to disease-
related abnormalities that occur years before the progression
of clinical symptoms. The question of whether such an
increased RS FC in a given brain network in pediatric MS
patients might protect against the onset of clinical deficits or,

conversely, may confer a systematic vulnerability to such a
network can only be addressed by longitudinal studies.

In our study, RS FC abnormalities in pediatric MS
patients did not correlate with damage to the normal-
appearing white matter and GM. The absence of such a
correlation might be owing from the one hand to the rela-
tively modest structural damage to the CNS usually
detected in pediatric MS patients when compared to their
adult counterpart, and from the other to the relatively
global approach we applied to quantify such a damage. In
this perspective, we cannot exclude that the use of a
regional method to define the distribution of damage in
the different brain compartments would have allowed us
to highlight the critical role of some strategic structures
(e.g., the thalamus) for the observed RS FC abnormalities.

The pattern of RS FC abnormalities we have found in
pediatric MS patients (reduced FC mostly located in poste-
rior brain regions and increased FC in anterior brain
regions) differs from what has been previously described
in adult patients with MS, in whom areas of increased and
decreased FC were unevenly distributed across the brain
hemispheres [Rocca et al., 2012]. An important factor that

Figure 2.

Scatterplot of the correlation between T2 LV and average

Z-score of RS FC of the right (R) MFG of the attention net-

work. Note that the correlation also remained significant when

excluding the three outlier patients having a T2 LV of >10 mL

(r 5 20.32, P 5 0.05).
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should be considered when analyzing these disparities, in
addition to differences in clinical and structural MRI fea-
tures between pediatric and adult patients (which may
account for a regional heterogeneity of functional abnor-
malities), is the level of maturation of a given network or
of specific brain regions, which could result in different
vulnerability to the disease processes. Indeed, maturation
of large-scale brain networks is characterized by a weaken-
ing of short-range FC and a strengthening of long-range
FC [Fair et al., 2007; Supekar et al., 2009]. In addition,
children’s brains have a less hierarchical organization than
young adults [Supekar et al., 2009]. Therefore, we cannot
exclude the possibility that our findings in pediatric
MS patients are owing to a deficit in the development of
large-scale brain connectivity, with an impaired shift from
stronger short-range connections to stronger long-range
connections. This might also explain the fairly modest dif-
ferences of internetwork connectivity we detected between
patients and controls. Again, whether this protects these
patients or makes them more vulnerable to disease pro-
gression needs to be assessed by a longitudinal evaluation.
So far, it has been postulated that lower levels of hierarchi-
cal organization in children may be protective, allowing
greater flexibility in network reconfiguration on the basis
of individual experience [Supekar et al., 2009]. It is worth
mentioning that, similarly to what we have previously
found in adult patients with RRMS [Rocca et al., 2012],
also in pediatric patients affected by this condition the
analysis of internetwork connectivity showed a distributed
abnormality of communication among the principal brain
RSN, which is probably owing to the uneven distribution
of structural damage to the CNS, which is a typical finding
in this condition.

Globally, our results point toward the presence of dif-
fuse abnormalities of large-scale neuronal network connec-
tivity in patients with pediatric MS, which might result, at
least partially, from a deficit of maturation of their func-
tional interactions. A longitudinal evaluation is now
required to determine whether the increased FC we found
in some core regions of these networks may help to limit
the clinical consequences of the disease or, conversely,
reflect a maladaptive mechanism making these regions
more vulnerable to damage.
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