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MRI substrates of sustained attention
system and cognitive impairment in
pediatric MS patients

ABSTRACT

Objective: To explore the structural and functional integrity of the sustained attention system in
patients with pediatric multiple sclerosis (MS) and its effect on cognitive impairment.

Methods: We enrolled 57 patients with pediatric MS and 14 age- and sex-matched healthy con-
trols (HCs). Patients with .3 abnormal tests at neuropsychological evaluation were classified as
cognitively impaired (CI). Sustained attention system activity was studied with fMRI during the
Conners Continuous Performance Test (CCPT). Structural integrity of attention network connec-
tions was quantified with diffusion tensor (DT) MRI.

Results: Within-group analysis showed similar patterns of recruitment of the attention network in
HCs and patients with pediatric MS. Diffuse network DT MRI structural abnormalities were found
in patients with MS. During CCPT, with increasing task demand, patients with pediatric MS
showed increased activation of the left thalamus, anterior insula, and anterior cingulate cortex
(ACC) and decreased recruitment of the right precuneus compared to HCs. Thirteen patients
(23%) were classified as CI. Compared to cognitively preserved patients, CI patients with pedi-
atric MS had decreased recruitment of several areas located mainly in parietal and occipital lobes
and cerebellum and increased deactivation of the ACC, combined with more severe structural
damage of white matter tracts connecting these regions.

Conclusions: Our results suggest that the age-expected level of sustained attention system func-
tional competence is achieved in patients with pediatric MS. Inefficient regulation of the functional
interaction between different areas of this system, due to abnormal white matter integrity, may
result in global cognitive impairment in these patients. Neurology® 2017;89:1265–1273

GLOSSARY
ACC5 anterior cingulate cortex; CCPT5Conners Continuous Performance Test;CI5 cognitively impaired; CP5 cognitively
preserved; DMN 5 default mode network; DT 5 diffusion tensor; FA 5 fractional anisotropy; FC 5 functional connectivity;
HC 5 healthy control; MS 5 multiple sclerosis; RS 5 resting state; SFG 5 superior frontal gyrus; WM 5 white matter.

Sustained attention represents a key executive function underlying higher attentional processes
(divided and selective attention) and global cognitive functioning,1 the functional maturation of
which occurs during late childhood and adolescence, as demonstrated by fMRI2 and EEG3,4

investigations. In this perspective, the onset of multiple sclerosis (MS) in this critical age may
have important and distinct consequences for cognitive abilities.

To evaluate sustained attention and cognitive control capabilities and their maturation during
the developmental age, the Conners Continuous Performance Test (CCPT) has been frequently
used.5 Using fMRI during a sustained attention task,6 a previous study investigated brain
functional changes between childhood and adulthood, describing increased activation with
development in fronto-temporo-parieto-cerebellar regions that mediate sustained attention,
confirming a continued functional development of these regions throughout childhood to
middle adulthood.
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Recent preliminary evidence in patients
with pediatric MS has resulted in the hypoth-
esis that the disease may influence the matura-
tion of brain structures. Using volumetric
MRI, a longitudinal study showed a failure
of age-expected brain growth in these pa-
tients.7 A diffusion tensor (DT) MRI study
found impaired maturation of white matter
(WM) tracts in patients with very early-onset
disease.8

By applying an active fMRI paradigm
aimed at testing sustained attention and exec-
utive functions, this study investigates the
recruitment of the sustained attention system
with increasing task demand in patients with
pediatric MS compared to age- and sex-
matched healthy controls (HCs) to assess
whether and how MS onset during childhood
compromises this functional network. Starting
from the consideration that abnormalities in
sustained attention are frequently associated
with behavioral, learning, emotional, and cog-
nitive difficulties in adolescence9 and that
attention is one of the most frequent areas of
impairment in patients with pediatric MS,10

we investigated the relationship between cog-
nitive impairment and sustained attention sys-
tem recruitment abnormalities in these
patients. To clarify the role of network struc-
tural abnormalities on fMRI findings, we also
quantified the structural integrity of the con-
nections between brain regions relevant to the
task using DT MRI.

METHODS Ethics committee approval. Approval was

received from the local ethical standards committee on human

experimentation, and written informed consent was obtained

from all participants and their parents before study enrolment.

Participants. We enrolled 57 consecutive, right-handed pedi-

atric patients with relapsing-remitting MS referred to specialized

centers for the diagnosis of pediatric MS. Inclusion and exclusion

criteria are reported in appendix e-1 at Neurology.org. Fourteen

sex- and age-matched HCs with no history of neurologic dys-

function and a normal neurologic examination served as the

control group.

Clinical and neuropsychological assessment. All patients

underwent a neurologic examination with rating on the

Expanded Disability Status Scale11 and a neuropsychological

assessment with a Neuropsychological Battery for Children, stan-

dardized and validated for an Italian pediatric population with

MS (appendix e-1).12,13 Global premorbid cognitive functioning

with IQ was assessed through the Wechsler Intelligence Scale for

Children.14 Patients with an abnormal performance in $3 tests

were classified as cognitively impaired (CI).12 As previously

described,15 z scores (based on a population of pediatric HCs

matched for age and education)16 for each of the previous do-

mains and a global z score of cognitive function (obtained by

averaging z scores of all tests) were calculated.

fMRI experimental design. The computerized version of the

CCPT17 was implemented with the Presentation software

(www.neuro-bs.com, version 14.8), as described in detail in

appendix e-1. All participants were trained to perform the task

before MRI acquisition. Percentages of correct and incorrect re-

sponses and reaction times were recorded. All participants com-

pleted the fMRI acquisition without interruption.

MRI acquisition and analysis. Appendix e-1 provides

a detailed description of the MRI acquisition and analysis proto-

col. From all participants, the following sequences were obtained:

T2*-weighted single-shot echo-planar imaging scan during the

CCPT task (SPM12), DT MRI scan, dual-echo turbo spin-echo

scan, and 3-dimensional T1-weighted fast-field-echo scan. T2-

hyperintense and T1-hypointense lesion volumes were measured

on the dual-echo turbo spin-echo and 3-dimensional T1-

weighted scans with a local thresholding segmentation tech-

nique (Jim 6, Xinapse Systems, West Bergholt, UK). Normalized

brain volume, WM volume, and gray matter volume were mea-

sured on the 3-dimensional T1-weighted scans with SIENAx

software after T1-hypointense lesion refilling.18

Analysis of DTI data (FSL software) focused on tracts con-

necting brain regions identified by fMRI analysis as key re-

gions involved in CCPT performance with an approach

similar to that applied by previous authors.19,20 Tracts were

generated between 3-mm-radius regions of interest on the

basis of the peak activation or deactivation during the CCPT

from HCs. Fourteen regions of interest were used, and all

possible combinations between them were explored. To over-

come the problems associated with probabilistic tractography

due to WM lesions, tract probability maps were obtained from

the HC group and then back-projected in individual space to

obtain a mean fractional anisotropy (FA) value per tract for all

the study participants.21

Statistical analysis. Between-group comparisons of clinical,

demographic, and structural MRI parameters were performed

with the Pearson x2 test, Mann-Whitney U test, or Kruskal-

Wallis test adjusted for age and sex and corrected for multiple

comparisons, as appropriate. CCPT performance was compared

between groups with an analysis of variance, adjusted for age and

sex.

A second-level analysis with SPM12 was performed to assess

the average fMRI activation and deactivation during the CCPT

(i.e., average activation of the ISI-1, ISI-2, and ISI-4 conditions)

and the load effect in HCs and patients with pediatric MS (as

a whole and according to the presence/absence of cognitive

impairment) (1-sample t test); the differences in fMRI activation

between study groups (2-sample t test and full factorial models,

age and sex adjusted); and the correlation between fMRI activity

during the load condition and behavioral (accuracy, reaction

time), clinical (Expanded Disability Status Scale, disease dura-

tion), neuropsychological (global z score of cognitive performance

and z scores of single cognitive domains, including attention), and

structural MRI (T2 lesion volume, atrophy, and FA measures)

variables (multiple regression models, adjusted for age and sex; 1

separate model for each variable).

To assess the fMRI abnormalities in a given patient group

vs the others included in the full factorial models, we per-

formed a conjunction analysis,22 which, by testing for the

conjunction of different hypotheses (each described as

1266 Neurology 89 September 19, 2017

ª 2017 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/lookup/doi/10.1212/WNL.0000000000004388
https://mail.hsr.it/owa/redir.aspx?C=sdMc0IbbyEyY5oI2veDMfGyq2Cp04tFIGfTISATEyBH-r1Isr2nth2cViStyF16GPWRZm_3naX8.&URL=http%253a%252f%252fwww.neuro-bs.com


a contrast), allows us to identify where several fMRI clusters

were jointly significant by evaluating the significance of com-

bined contrasts.

Results were tested both at p, 0.001 uncorrected and at p,
0.05 family-wise error corrected.

RESULTS Clinical, neuropsychological, and structural

MRI measures. Table 1 summarizes the main demo-
graphic, clinical, and structural MRI measures of pa-
tients with pediatric MS and HCs. Compared to
HCs, patients with pediatric MS had lower normal-
ized brain volume (p 5 0.01), gray matter volume
(p 5 0.02) (table 1), and FA values in all tracts ana-
lyzed (table e-1).

Thirteen (23%) patients with pediatric MS were
classified as CI. One patient with MS scored ,70
on the IQ test, and 16 scored in the inferior range
(,90). Table 2 summarizes the results of the neuro-
psychological evaluation in the patients with MS.
Thirty-six percent of the CI patients and none of
cognitively preserved (CP) patients had impairment
on attention tests. Compared to CP patients, CI pa-
tients with MS had longer disease duration (p 5

0.03), lower normalized brain volume (p 5 0.03),
lower WM volume (p 5 0.01), and lower FA values
in the tracts connecting the left anterior insula to the
anterior cingulate cortex (ACC) (p 5 0.01) and pre-
cuneus (p 5 0.04) (table e-1).

CCPT fMRI task performance. During fMRI, CCPT
performance (percentage of correct and incorrect re-
sponses, reaction times) did not differ between pa-
tients with pediatric MS and HCs. Compared to

CP patients, CI patients with MS had significantly
worse performance (figure e-1).

CCPT task-related activations/deactivations. Table e-2
and figure 1 report brain regions significantly acti-
vated/deactivated during the CCPT task load con-
dition in HCs and patients with pediatric MS.
Similar fMRI patterns were detected during the
ISI-1, ISI-2, and ISI-4 conditions but with differ-
ent t values (data not shown). Both groups showed
task-related activations in bilateral precentral cortex,
supplementary motor area, inferior parietal lobule,
middle temporal gyrus, insula, basal ganglia, and
cerebellum, as well as the right inferior frontal gyrus,
middle frontal gyrus, and calcarine cortex. Both
groups also showed deactivations in bilateral occip-
ital cortex and in regions usually described as part of
the default mode network (DMN), bilaterally,
including the precuneus, angular gyrus, superior
temporal gyrus, middle frontal gyrus (mesial part),
and superior frontal gyrus (SFG).

Compared to HCs, patients with pediatric MS
showed increased activation of the left thalamus and
left anterior insula and decreased deactivation of the
left ACC. Compared to HCs, patients with MS also
showed increased deactivation of the right precuneus
(figure 1).

Effect of cognitive impairment. Table e-3 reports brain
regions significantly activated/deactivated during the
CCPT task load condition in CP and CI patients
with MS separately. Table e-4 and figure 2 show
the results of between-group comparisons.

Table 1 Main demographic, clinical, and structural MRI characteristics and CCPT performance of HCs and pediatric patients with MS, as
a whole and according to the presence/absence of cognitive impairment

HCs
Patients with
pediatric MS p Valuesa

CP patients
with MS

CI patients
with MS p Valuesa

Participants, n 14 57 — 44 13 —

Girls/boys, n 8/6 36/21 0.17b 30/14 6/7 0.40b

Mean age (range), y 13.6 (8.8–17.9) 15.0 (7.6–18.0) 0.12 15.2 (11.1–18.0) 15.1 (7.6–17.7) 0.58

Median EDSS (range) — 1.0 (0.0–4.0) — 1.0 (0.0–4.0) 1.5 (0.0–4.0) 0.37

Median disease duration (range), y — 1.7 (0.1–8.1) — 1.4 (0.1–6.8) 3.5 (0.2–8.1) 0.03

Mean T2 LV (SD), mL — 6.0 (7.8) — 4.2 (5.2) 9.6 (11.6) 0.26

Mean T1 LV (SD), mL — 3.7 (5.0) — 2.6 (3.0) 6.5 (8.6) 0.31

Mean NBV (SD), mL 1728 (74) 1660 (79) 0.01 1674 (68) 1612 (88) 0.03

Mean GMV (SD), mL 882 (67) 830 (55) 0.02 835 (55) 808 (59) 0.12

Mean WMV (SD), mL 846 (37) 830 (48) 0.43 839 (38) 803 (46) 0.01

Mean CCPT correct responses (range), % 95 (82–100) 93 (84–100) 0.21 94 (88–100) 93 (87–98) 0.04

Mean CCPT reaction time (SD), ms 0.4 (0.1) 0.4 (0.1) 0.55 0.4 (0.6) 0.4 (0.7) 0.41

Abbreviations: CCPT 5 Conners Continuous Performance Test; CI 5 cognitively impaired; CP 5 cognitively preserved; EDSS 5 Expanded Disability Status
Scale; GMV 5 gray matter volume; HC 5 healthy control; LV 5 lesion volume; MS 5 multiple sclerosis; NBV 5 normalized brain volume; WMV 5 white
matter volume.
aMann Whitney U test.
bChi-square test.
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During the CCPT load condition, compared to
HCs, CP patients with MS had increased activation
of the left anterior insula and thalamus and decreased
deactivation of the ACC and right inferior frontal
gyrus. Compared to HCs, CP patients with MS also
showed increased deactivation of the right precuneus
and superior parietal lobule.

Compared to HCs, CI patients with MS experi-
enced decreased activation of the right postcentral
gyrus and increased deactivation of bilateral precu-
neus. Compared to CI patients, CP patients with
pediatric MS had increased recruitment of several
areas located mainly in the parietal and occipital lobes
and cerebellum (table e-4). They also experienced
decreased deactivation of the ACC.

The conjunction analysis identified the left ante-
rior insula and ACC as areas significantly more

activated with increasing task difficulty in CP patients
with MS compared to the other study groups. Com-
pared to HCs and CP patients, CI patients with MS
had lower recruitment of the right postcentral gyrus,
right lingual gyrus, right precuneus, left inferior pari-
etal lobule, and left SFG.

Analysis of correlations. In patients with pediatric MS,
significant correlations (p , 0.001 uncorrected)
(table 3) were found between increased activation of
the left thalamus and lower gray matter volume, high-
er global cognitive performance z scores, and higher z
scores in attentive-executive function domain and
between increased deactivation of the right precuneus
and higher number of incorrect responses at CCPT
and lower FA value of the tract connecting the left
anterior insula to ACC.

Table 2 Neuropsychological tests from patients with pediatric MS

All patients with pediatric MS CP patients with pediatric MS CI patients with pediatric MS

Education, ya 8.7 (2.0) 8.6 (1.9) 8.8 (2.4)

Global premorbid IQa 97.8 (18.5) 99.2 (18.4) 92.6 (19.1)

CDIa 7.9 (5.8) 7.6 (5.7) 8.6 (6.4)

FSSa 27.1 (12.1) 27.4 (11.6) 26.0 (14.2)

Memory

SRT-LTSb 0.08 (1.33) 0.38 (1.03) 21.01 (1.73)

SRT-CLTRb 0.07 (1.17) 0.39 (0.95) 21.08 (1.18)

SRT-Db 0.02 (1.26) 0.30 (0.89) 20.96 (1.84)

SPARTb 20.30 (1.88) 0.15 (1.59) 21.87 (2.05)

SPART-Db 20.23 (1.44) 0.05 (1.19) 21.19 (1.84)

Abstract/conceptual reasoning

MCSTb 20.31 (1.39) 20.16 (1.37) 20.89 (1.44)

Attention/concentration

SDMTb 20.20 (0.99) 20.07 (0.99) 20.66 (0.87)

TMT-Ab 20.27 (1.18) 0.01 (0.94) 21.26 (1.47)

TMT-Bb 20.40 (1.46) 0.00 (0.96) 21.82 (2.05)

Language

Semantic verbal fluency testb 20.25 (0.84) 20.13 (0.81) 20.65 (0.86)

Phonemic verbal fluency
testb

20.24 (0.85) 20.13 (0.89) 20.65 (0.58)

IPT NA NA NA

PCTb 20.58 (5.74) 20.38 (6.24) 21.30 (3.61)

Token testb 20.88 (1.46) 20.86 (1.35) 20.97 (1.88)

ODTb 20.48 (1.31) 20.27 (1.05) 21.24 (1.84)

Abbreviations: CDI 5 Children Depression Inventory; CI 5 cognitively impaired; CP 5 cognitively preserved; FSS 5 Fatigue
Severity Scale; IPT 5 indication of pictures test; MCST 5 Modified Card Sorting Test; MS 5 multiple sclerosis; NA 5 not
applicable; ODT 5 oral denomination test; PCT 5 phrase comprehension test; SDMT 5 Symbol Digit Modalities Test;
SPART 5 10/36 Spatial Recall Test; SPART-D 5 10/36 Spatial Recall Test Delayed; SRT-CLTR 5 Selective Reminding
Test Consistent Long-Term Retrieval; SRT-D 5 Selective Reminding Test Delayed; SRT-LTS 5 Selective Reminding Test
Long-Term Storage; TMT-A/B 5 Trail Making Test A/B.
aMean (SD).
b z Scores and SD based on a population of pediatric healthy controls matched for age and education.12
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No correlations were found between fMRI find-
ings and T2 lesion volume and performance of the re-
maining cognitive domains.

DISCUSSION Here, we applied an active fMRI par-
adigm to explore the functional competences of the
sustained attention network in a relatively large
cohort of patients with pediatric MS who underwent
a standardized MRI protocol at high magnetic field
and a validated neuropsychological assessment.
Because cognitive impairment in these patients typ-
ically affects multiple domains, its definition is usu-
ally based on the number of failed tests at extended
neuropsychological batteries.10 In line with the lit-
erature,10 .30% of our CI patients with pediatric
MS were impaired on attention tests. Although this
could represent a limitation for our study, which was
focused mainly on sustained attention, it has to be
considered that sustained attention is needed for
global cognitive functioning1 and that only some
of its subprocesses are explored by the attention tests
that are usually performed.23 To explore the func-
tional competence of the attention system in pa-
tients with pediatric MS, we investigated the
correlations between fMRI findings and CCPT per-
formance during fMRI acquisition and z scores of
the attentional domain. Regrettably, we could not

obtain neuropsychological data from our sample of
pediatric HCs.

Despite the fact that we enrolled only a relatively
small number of HCs (thus resulting in limited infor-
mation on normal variability of fMRI features of typ-
ically developing youth), the pattern of functional
recruitment of the sustained attention network we
found in within-group analyses in pediatric HCs
and patients with pediatric MS resembled that
described by previous studies in HCs and patients
with other neurologic diseases using a similar fMRI
paradigm,24,25 and it was characterized by a distributed
activation of regions located in the frontal, temporal,
parietal, and occipital lobes and the cerebellum, all
contributing to different aspects of sustained atten-
tion. The temporal lobes and parietal cortex mainly
integrate polymodal pieces of information involved in
exogenous stimuli processing, whereas frontal regions
and the cerebellum play a role in reorienting atten-
tion26 to an exogenous stimulus. We also detected
consistent deactivation of regions usually described
as part of the DMN,27 a network of regions charac-
terized by high activity at rest and low activity during
cognitive tasks with focused attention on the external
environment. Even if a longitudinal design is needed
to confirm our hypothesis, these results suggest the
achievement of the age-expected level of functional

Figure 1 fMRI patterns of activation and deactivation during CCPT in HCs and patients with pediatric MS

Brain regions showing linearly increasing fMRI activations (A and B) and deactivations (C and D) with increasing Conners Continuous Performance Test
(CCPT) difficulty in healthy controls (HCs) (A and C) and pediatric patients with multiple sclerosis (MS) (B and D) (1-sample t tests, p , 0.001 uncorrected).
(E) Areas showing increased activation with increasing CCPT load in patients with pediatric MS vs HCs. (F) Brain areas showing reduced activation. Images
are displayed with the neurologic convention. A 5 anterior; P 5 posterior.
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maturation of the network in patients with pediatric
MS in terms of ability to activate and deactivate the
main regions of the network and topographic repre-
sentation of these regions.

With increasing CCPT demand, compared to
HCs, patients with pediatric MS showed increased
activation of the left thalamus, anterior insula, and
ACC. They also experienced increased deactivation
of the precuneus. Several studies have demonstrated
that the basal ganglia, in particular the thalamus, play

a crucial role in executive or supervisory mechanisms
of attention, including regulation, error monitoring
or processing, and sustained vigilance.28,29 In adult
patients (mean age at evaluation z19 years) with
disease onset during childhood, a recent study30

found that a greater activation of the thalamus in
patients compared to HCs during an information
processing speed task correlated with better task per-
formance, whereas a resting-state (RS) functional
connectivity (FC) study of the DMN found a reduced

Figure 2 fMRI patterns of activation and deactivation during CCPT in CP and CI patients with pediatric MS

Brain regions showing significantly different fMRI activations and deactivations with increasing Conners Continuous Performance Test (CCPT) difficulty in
cognitively preserved (CP) and cognitively impaired (CI) patients with multiple sclerosis (MS). Results are shown at p , 0.001 uncorrected. Images are
displayed with the neurologic convention. A 5 anterior; ACC 5 anterior cingulate cortex; B 5 bilateral; HC 5 healthy control; IFG 5 inferior frontal gyrus;
IPL5 inferior parietal lobule; MCC5middle cingulate cortex; P5 posterior; PoCG5 postcentral gyrus; SFG5 superior frontal gyrus; SPL5 superior parietal
lobule; STG 5 superior temporal gyrus.

Table 3 Brain regions showing significant correlations between fMRI activations/deactivations during the
CCPT load condition with clinical, neuropsychological, and structural MRI variables in patients with
pediatric MS (multiple regression models adjusted for age and sex; p < 0.001 uncorrected)

Variables

CCPT load activations CCPT load deactivations

Brain regions R Brain regions R

GMV L thalamus 20.57 — —

L anterior insula/L ACC FA R precuneus 20.55

CCPT incorrect responses — — R precuneus 20.53

Global cognitive z score L thalamus 0.63 — —

z Score of attentive-executive functions L thalamus 0.49 — —

Abbreviations: ACC 5 anterior cingulate cortex; CCPT 5 Conners Continuous Performance Test; FA 5 fractional anisot-
ropy; GMV 5 gray matter volume; MS 5 multiple sclerosis.
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FC of the thalamus, which was associated with tha-
lamic atrophy.31 In our patients with pediatric MS,
increased thalamic recruitment during the CCPT task
correlated with preserved cognitive performance (par-
ticularly with preserved performance in attentive-
executive functions) and with more pronounced
GM atrophy. Combined with the results of the pre-
vious studies,30,31 these data suggest that thalamic
functional abnormalities tend to occur relatively early
in the course of the disease as a possible response to
disease-related structural damage, in an attempt to
preserve cognitive abilities.

Compared to HCs, patients with pediatric MS
also had higher recruitment of the anterior insula
and ACC. In this case, such activation also helped
to distinguish CP patients with MS from the other
2 study groups. The anterior insula and ACC are
among the key regions of the salience network, which
functions to identify the most relevant among several
internal and extrapersonal stimuli to guide behav-
iour.32 Network analysis studies have consistently
demonstrated that these 2 regions are involved in
switching between brain networks (particularly the
executive control and DMN) across task para-
digms.33,34 On the basis of this finding, a model has
been proposed33 that posits that the core function of
the anterior insula is first to identify stimuli from the
vast and continuous stream of sensory stimuli that
influence the senses and then to facilitate task-
related information processing by initiating appropri-
ate transient control signals to engage brain areas
mediating attention, working memory, and higher-
order cognitive processes, while disengaging the
DMN. The ACC is involved in a variety of monitor-
ing, decision making, and cognitive control pro-
cesses.35 Starting from these considerations, the
increased recruitment of the insula and ACC detected
in CP patients with pediatric MS may represent a key
compensatory mechanism for efficient detection of
important environmental stimuli and attention shift
toward or away from internal cues to maintain ade-
quate performance during a sustained attention task.
Supporting this hypothesis, we found higher integrity
of the WM tracts connecting the left anterior insula
to the ACC and precuneus in CP compared to CI
patients with MS.

Concomitantly with the presence of areas with
increased activation in patients with pediatric MS,
we also detected decreased activation of nodal regions
of the DMN such as the precuneus and superior pari-
etal lobule, which was due to a higher deactivation in
patients compared to controls. This likely reflects
a maladaptive mechanism in patients with pediatric
MS because it was more pronounced in patients with
cognitive impairment and correlated with a poorer
performance (higher number of errors) during the

CCPT execution. While CP patients with MS expe-
rienced increased deactivation of the right precuneus
only, CI patients with MS had a bilateral deactivation
of this region. Combined with the previous findings
(increased recruitment of the ACC in CP patients
with MS), these results suggest that an initial
increased deactivation of the precuneus, together with
a reduced deactivation of the ACC, as experienced in
CP patients with MS, may represent a compensatory
mechanism allowing the patients to maintain an ade-
quate cognitive profile. With disease progression (as
reflected by the longer disease duration of CI patients
with MS) and accumulation of WM damage (as re-
flected by decreased FA values in connecting WM
tracts in CI patients with MS), a more extended pat-
tern of deactivation (involving the precuneus and
SFG) was detected that represents a maladaptive
mechanism of cortical reorganization, characterized
by an alteration of the shift from the RS condition
to sustained attention task performance.

Our results confirm the role of abnormalities of
the DMN, in particular of its posterior node centered
in the precuneus, in determining cognitive dysfunc-
tion in patients with pediatric MS. That the precu-
neus might be among the first regions affected by
the disease in these patients is in line with previous
studies,36,37 which, by integrating measures derived
from structural and fMRI techniques, have demon-
strated functional abnormalities at this level, which
tended to colocalize with altered structural integrity.
Similar to the current findings, a previous RS fMRI
study found structural and fMRI abnormalities of the
posterior node of the DMN in CI patients with pedi-
atric MS and increased RS FC of the ACC in CP
patients.36 A reduced capability to modulate DMN
deactivation with increasing task complexity has also
been demonstrated by studies in adult patients with
MS.38,39

Recent theories, which tend to view the brain as
a complex dynamic network, have postulated that
abnormalities of interaction over time between
the posterior core of the DMN and frontoparietal
and subcortical networks, in particular the salience
network, might help to explain deficits of cognitive
processes after brain damage.20,33,34,40 The correla-
tion we found between functional abnormalities of
these networks and disruption of structural integ-
rity of critical WM tracts within the networks (in
particular the tract connecting the left anterior in-
sula to the ACC) suggests that in patients with
pediatric MS, the accumulation of disease-related
structural damage might cause a disconnection syn-
drome resulting in functional and clinical abnor-
malities. Clearly, longitudinal studies, possibly
enrolling very young participants, are now needed
to prove such a hypothesis.
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