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4AP-HP, Hôpital de la Salpêtrière, Hôpital Tenon, F-75020 Paris, France
5Inserm, UMR_S 678, Laboratoire d’Imagerie Fonctionnelle, Paris, France

6Institut des Neurosciences translationnelles de Paris (IHU-A-ICM), Paris, France
7Service de m�edecine et de r�eadaptation, Hôpital National de Saint-Maurice, France
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Abstract: Severe cognitive impairment involving multiple cognitive domains can occur early during

the course of multiple sclerosis (MS). We investigated resting state functional connectivity changes in

large-scale brain networks and related structural damage underlying cognitive dysfunction in patients

with early MS. Patients with relapsing MS (3–5 years disease duration) were prospectively assigned to
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4 rue de la Chine, 75020 Paris, France. E-mail: bruno.stankoff@
tnn.aphp.fr
Celine Louapre has received lecture fees from Novartis. Rana
Assouad report consulting fees from Biogen-Idec and Teva. Dam-
ien Galanaud reports consulting fees from Olea M�edical (La Cio-
tat, France), Sanofi Aventis (Paris, France), and Biogen
(Cambridge, MA). Caroline Papeix reports receiving consulting
fees from Biogen Idec, Novartis, Merck Serono, Sanofi-Aventis,
Teva-Pharma Bayer-schering, Genzyme, and Roche. Ayman Tour-
bah reports receiving consulting and lecture fees from Sanofi-
Aventis-Genzyme, Teva-Pharma and research support from Bio-
gen Idec, Novartis, Merck Serono Sanofi Aventis, participating in
clinical trials for Biogen Idec, Novartis, Merck Serono, Bayer, and

Roche. Catherine Lubetzki reports consulting fees from Roche,
Novartis, Sanofi Aventis, and Teva Pharma, lecture fees from
Merck-Serono, Biogen-Idec, Sanofi Aventis, and Teva, participat-
ing in clinical trials for Biogen Idec, Novartis, Merck Serono,
Bayer-schering, Sanofi Aventis, Teva Pharma, Genzyme, and
Roche. Bruno Stankoff reports receiving consulting and lecture
fees from Biogen Idec, Novartis, Merck Serono, Sanofi-Aventis,
Genzyme, Teva-Pharma, and Bayer and research support from
Biogen Idec, Sanofi Aventis. Vincent Perlbarg, Daniel Garcia-
Lorenzo, Marika Urbanski, Habib Benali, Leorah Freeman report
no disclosure.
Stephane Leh�ericy and Bruno Stankoff contributed equally to the
work.

Received for publication 1 May 2013; Revised 22 February 2014;
Accepted 25 February 2014.

DOI 10.1002/hbm.22505
Published online 31 March 2014 in Wiley Online Library
(wileyonlinelibrary.com).

r Human Brain Mapping 35:4706–4717 (2014) r

VC 2014 Wiley Periodicals, Inc.



two groups based on a standardized neuropsychological evaluation: (1) cognitively impaired group (CI

group, n 5 15), with abnormal performances in at least 3 tests; (2) cognitively preserved group (CP

group, n 5 20) with normal performances in all tests. Patients and age-matched healthy controls under-

went a multimodal 3T magnetic resonance imaging (MRI) including anatomical T1 and T2 images, dif-

fusion imaging and resting state functional MRI. Structural MRI analysis revealed that CI patients had

a higher white matter lesion load compared to CP and a more severe atrophy in gray matter regions

highly connected to networks involved in cognition. Functional connectivity measured by integration

was increased in CP patients versus controls in attentional networks (ATT), while integration was

decreased in CI patients compared to CP both in the default mode network (DMN) and ATT. An ana-

tomofunctional study within the DMN revealed that functional connectivity was mostly altered

between the medial prefrontal cortex (MPFC) and the posterior cingulate cortex (PCC) in CI patients

compared to CP and controls. In a multilinear regression model, functional correlation between MPFC

and PCC was best predicted by PCC atrophy. Disconnection in the DMN and ATT networks may

deprive the brain of compensatory mechanisms required to face widespread structural damage. Hum

Brain Mapp 35:4706–4717, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Multiple sclerosis (MS)-related cognitive disorders are
often minor and circumscribed to restricted cognitive
domains at the earliest stages (Amato et al., 2010a; Chiara-
valloti and DeLuca, 2008; Feuillet et al., 2007; Reuter et al.,
2011), but tend to extend to multiple domains with disease
progression (Amato et al., 2010b; Reuter et al., 2011). How-
ever, severe cognitive disorders sometimes occur early in
the relapsing phase of the disease, and subsequently
deeply impact daily living for these young subjects.

The mechanisms responsible for cognitive impairment
are probably many and not exclusive (Filippi et al., 2010).
The macroscopic white matter (WM) lesion load is consid-
ered to be higher in patients with cognitive impairment
compared to patients without cognitive disorder, but only
partly explains the deficits (Rovaris et al., 2006). Diffuse
microscopic WM abnormalities (Dineen et al., 2009; Fink
et al., 2010; Roosendaal et al., 2009; Yu et al., 2012) together
with gray matter (GM) pathology, including demyelinating
cortical lesions (Calabrese et al., 2009), thalamic and cortical
atrophy (Morgen et al., 2006) as well as inadequate cortical
plasticity (Filippi et al., 2010; Rocca et al., 2010) also contrib-
ute to the cognitive deterioration. Functional connectivity
within large-scale brain networks such as the default mode
network (DMN) is considered an important factor associ-
ated with cognition and is thought to preserve efficient cog-
nitive performances (Newton et al., 2011). Recent
investigations of DMN connectivity by resting state func-
tional magnetic resonance imaging (fMRI) in MS subjects
have provided controversial results. Cognitive deficits have
been associated either with a decrease (Bonavita et al., 2011;
Rocca et al., 2010) or an increase (Hawellek et al., 2011) in
DMN functional connectivity. Therefore, the implication of
DMN functional connectivity changes on cognitive impair-

ment remains elusive. The interpretation of many earlier
studies in the field of MS-related cognitive disorders is
obscured by the heterogeneity of patients studied in terms
of disease course and duration as well as by the disparity in
the definition of cognitive impairment.

To gain insight into the large scale brain networks con-
nectivity changes underlying the severe cognitive deficit
that may occur early in the disease course, we investigated
here by multimodal MRI two groups of early relapsing
remitting MS (RRMS) patients with the same disease dura-
tion, that were strongly contrasted for cognitive perform-
ances. Following brain network identification, we selected
the one involved in cognition and assessed their functional
connectivity changes. We therefore focused on the most
affected network, the DMN, to perform an anatomofunc-
tional study.

MATERIALS AND METHODS

Subjects and Evaluations

Approval of local ethics committee was obtained and all
subjects gave written informed consent (clinicaltrials.gov
NCT 01157728). RRMS patients aged 18–40, with disease
duration between 3 and 5 years were prospectively
included. Neurologists in charge of MS patients were
asked to identify those who could fulfill inclusion criteria,
either with presumed normal cognitive functioning, or
with possible cognitive impairment. Identified subjects
were then included in the study, and a standardized neu-
ropsychological evaluation consisting in the seven follow-
ing tests was performed (Dujardin et al., 2004): (1) Mattis
dementia rating scale (MDRS; Hugonot-Diener et al., 2008;
Schmidt et al., 1994), (2) PASAT-3 (Reuter et al., 2010), (3)
trail making test (TMT; Godefroy et al., 2010), (4) verbal
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fluency (literal and semantic stimulus; Cardebat et al.,
1990), (5) digit span (Wheschler, 1981), (6) 10/36 spatial
recall test (Boringa et al., 2001), and (7) Free and Cued
Recall test (RL-RI 16 items; Van der Linden et al., 2004), a
French validated version of the Grober and Buschke test.
According to normative values previously validated in
French subjects for each test, scores below 21.5 standard
deviations (SDs) from the mean were considered as patho-
logical (Ruet et al., 2013). In order to form highly con-
trasted groups for cognitive performance, patients were
stratified as followed:

� Normal performance in all tests characterized cogni-
tively preserved patients (CP MS).
� Pathological performance in at least 3 tests character-

ized cognitively impaired patients (CI MS).
� Patients displaying an intermediate cognitive profile

(1 or 2 tests failed) were excluded (12 patients).

The stratification was established to fit with our working
hypothesis, the identification of resting state changes
underlying the occurrence of a severe cognitive impair-
ment early in disease. This justified the choice of at least 3
tests impaired to identify such patients, as it was reported
that the threshold of 3 tests failed allows to discriminate
between patients with a severe cognitive impairment (at
least 3 tests failed) from patients with a mild cognitive
impairment (1 or 2 tests failed), and from patients without
cognitive impairment (no failure; Calabrese et al., 2010).

We finally retained 20 CP MS, 15 CI MS patients and
also recruited 20 aged-matched healthy volunteers (HVs).

Fatigue and depression were also investigated using the
fatigue impact scale (FIS) and the Montgomery-Åsberg
Depression Rating Scale, respectively.

MRI Scanning Protocol

MRI examination was performed using a 3T Siemens
TRIO 32-channel TIM system, with body coil for transmis-
sion and 12-channel head coil for signal reception. Three-
dimensional T1-weighted (3D-T1) magnetization prepared
rapid acquisition gradient echo sagittal images [repetition
time (TR)/echo time (TE): 2300/4.18 ms, flip angle: 9�,
field of view (FOV): 256 mm 3 256 mm, and voxel size 1
mm 3 1 mm 3 1 mm] were acquired for volumetric and
registration procedures. For the measurement of T2 lesion
load, the following sequences were acquired: Turbo spin
echo dual-echo (proton density and T2; TR/TE1/TE2:
4100/14/69 ms, 40 axial slices, slice thickness: 3 mm, voxel
size: 0.9 mm 3 0.9 mm, and FOV: 230 mm 3 230 mm),
and T2 FLAIR (TR/TE: 8880/128 ms, TI: 2500 ms, 40 axial
slices, slice thickness: 3 mm, voxel size: 0.9 mm 3 0.9 mm,
and FOV: 230 mm 3 230 mm). For the measurement of
T1-black-holes lesion load, we acquired a T1-spin echo
sequence (TR/TE: 700/14 ms, 40 axial slices, slice thick-

ness: 3 mm, voxel size: 0.9 mm 3 0.9 mm, and FOV: 230
mm 3 230 mm).

Resting-state fMRI acquisition included 200 volumes of
echo planar images (TR/TE: 2100/25 ms, 36 axial slices,
voxel size: 2 mm 3 2 mm 3 2 mm, and FOV: 192 mm 3

192 mm). During this acquisition, subjects were asked to
rest with eyes closed, not to fall asleep, and to think of
nothing in particular. To analyze WM tracts, diffusion-
weighted spin-echo echo-planar images were acquired
(TR/TE:10s/86ms, flip angle; 90�, voxel size: 2 mm 3 2
mm 3 2 mm, 56 axial slices, and no gap) using 50 noncol-
linear diffusion gradients (b value of 1,000 s/mm2) and
one volume without diffusion weighting (b0 reference
image).

Analysis of Structural Brain Pathology

WM lesion load and black holes segmentation

FLAIR and 3D-T1 were realigned on T2 sequences using
SPM8 software (Wellcome Department of Cognitive Neu-
rology, London, UK, http://www.fil.ion.ucl.ac.uk/spm/).
Lesions were manually outlined on T2-weighted images,
using the coregistered information of FLAIR and 3D-T1
images when boundaries of the lesions were not precise
enough, especially around the ventricle. Lesion masks
were registered on the 3D-T1 images using a 12-parameter
affine transformation (FLIRT tool, part of FSL) and subse-
quently normalized on the MNI space using a nonlinear
registration procedure (FNIRT tool, part of FSL). Normal-
ized T2 lesion volume was calculated (fslstats, part of
FSL). We applied the same procedure to segment black
holes lesions on T1-spin echo sequences and calculate the
normalized T1 black holes volume.

Localization of cortical atrophy

First, to avoid bias due to hypointense WM lesions that
may be segmented as GM, we performed a step of lesion
inpainting based on the T2 lesion mask registered to the
3D-T1 images as described previously (Chard et al., 2010).
Voxel-based morphometry (VBM) data analysis was per-
formed on 3D-T1 inpainted images using VBM8 toolbox,
part of SPM8, and MATLAB version 2010a (The Math-
works, MA). This toolbox combines denoising (Manjon
et al., 2010), tissue segmentation (Rajapakse et al., 1997),
partial volume estimation (Tohka et al., 2004), and DAR-
TEL normalization (Ashburner, 2007) in order to provide
the GM, WM, and CSF normalized maps (Good et al.,
2001). To improve the registration step, the DARTEL tool-
box was used to create a group specific template that was
aligned to the MNI space. Modulated normalized GM
images were then smoothed with a 4-mm FWHM kernel.

GM volumes were calculated from the modulated nor-
malized GM images, both for the total GM volume and for
GM volume within specific clusters of interest identified
by the VBM analysis.
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Resting State fMRI Analysis

Functional images were corrected for slice timing, real-
igned to compensate for rigid movements and smoothed
with a 3-mm FWHM kernel (SPM8). We automatically
identified functional networks characterizing the full pop-
ulation by using the NetBrainWork toolbox (http://sites.
google.com/site/netbrainwork) based on independent
component analysis (ICA).

Thirty-five clusters were identified after initial ICA. We
selected the networks with a good degree of representativ-
ity (the number of runs representing in the class), and a
good degree of unicity (the number of runs representing
by only one component). After this selection, we were able
to identify the major networks reported in the literature:
(i) involved in cognition: the default-mode network
(DMN), the fronto-parietal attentional networks (ATT), the
dorsal attentional network (dATT) and (ii) noncognitive:
the sensory-motor network (MOT), the visual networks
(medial and lateral visual network, identified as a single
network in some subjects). Representativity of the dorsal
attentional network was 0.52 whereas other networks had
representativity above 0.8. Among these networks, we
selected the one involved in cognition: DMN, left and
right frontoparietal/attentional network, dorsal attentional
(Majerus et al., 2012; Newton et al., 2011; Spreng et al.,
2013). We compared these networks of interest for cogni-
tion to the motor network as a within-subject control, for
the reason that our groups of patients were strongly con-
trasted for cognitive performance but were identical for
motor performance, as they did not have any motor
impairment. In contrast, the visual network was consid-
ered far from the hypothesis we wanted to test and was
discarded.

Networks of interest for cognition were then selected to
automatically identify regions of interest (ROIs) that were
designed around the peaks of the map by using a region
growing algorithm controlling the size (100 voxels) and
the minimal distance (30 mm) between regions (coordi-
nates in Supporting Information Table I). For subsequent
functional connectivity analysis, functional time-series
were corrected from physiological noise by using COR-
SICA (Perlbarg et al., 2007). Finally, we evaluated the
degree of connectivity within each selected network by
computing the functional integration (Marrelec et al.,
2008). The functional integration is a measure originated
from information theory (Watanabe, 1960), which captures
the global level of statistical dependence of regional
blood oxygen level-dependent time series within a brain
system.

Functional and Structural Disconnection

Within the DMN

The DMN, which showed the major functional discon-
nection in CI MS subjects, connects areas involved both in
executive and frontal functions and in mnesic storage. To

gain further insight in the structural abnormalities under-
lying this disconnection, we performed an anatomofunc-
tional connectivity analysis within two distinct pathways
belonging to the DMN: the anterior cingulum between
medial prefrontal cortex (MPFC) and PCC (posterior cin-
gulate cortex), and the posterior cingulum between PCC
and PHG (parahippocampal gyrus) (coordinates in Sup-
porting Information Table II). To quantify functional con-
nectivity, we calculated pairwise correlations between PCC
and MPFC and between PCC and PHG. In parallel, diffu-
sion tensor imaging (DTI) maps were computed using Dif-
fusion Toolbox, (FMRIB’s Software Library, FSL) and
subsequently normalised on FSL’s fractional anisotropy
(FA) template (FA_2_FMRIB58_1mm) using FNIRT. JHU
WM tractography atlas was used to extract the anterior
cingulum and the posterior cingulum for each subject.
Finally, we computed the averaged FA, radial diffusivity
(RD), and axial diffusivity (AD) along each tract. We
decided to merge right and left anterior cingulum data
because both sides connect MPFC and PCC due to their
medial position (data from probabilistic tractography, not
shown) and both sides are likely to reflect the anatomical
connectivity underlying the functional correlation between
MPFC and PCC.

In order to calculate WM lesion load and black holes
volume within each tract, we registered the T2 and T1
lesion mask to the B0 volume for each patient using FLIRT
tool from FSL, then warped it onto the JHU WM tractogra-
phy template using the FNIRT transformation obtained
previously. Fslmaths and fslstats, part of FSL, were used
for the masking and volume calculation.

Statistical Analysis

Statistical group comparisons were performed using R
software (http://r-project.org/, version 2.13). Gender
repartition in the three groups (CI MS, CP MS, and HV)

TABLE I. Demographic and clinical characteristics

CP MS CI MS HV

Number of patients 20 15 20
Sex ratio (M/F) 8/12 1/14 10/10a

Age (years) 32.5 (5.0) 28.3 (6.7) 29.7 (5.5)
Education (years) 14.8 (3.1) 13.4 (2.6) 15.6 (2.4)
Disease duration (years) 4.5 (0.9) 4.6 (1.0) –
EDSS score 1.0 (1.0) 3.0 (0.8)b –
Pyramidal functional score 0.3 (0.6) 0.5 (0.7) –
FIS score 53.8 (31.5) 89.4 (33.7)c 38.9 (28.6)

SD: standard deviation; CP MS: cognitively preserved MS
patients; CI MS: cognitively impaired MS patients; HV: healthy
volunteers.
Values are expressed as mean (SD).
aCI MS versus HV: P< 0.05.
bCI MS versus CP MS: P< 5 3 1025.
cCI MS versus CP MS and HV: P< 5 3 1024.
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was analyzed using a v2 test. As a slight difference in the
sex ratio between CI MS and HV patients was detected,
we further assessed between-group differences in demo-
graphic, clinical, neuropsychological, and diffusion data
(FA, RD, and AD), using an analysis of variance (ANOVA)
controlled for sex. Fatigue and depression scales were also
used as covariates for statistical comparisons as they may
influence neuropsychological evaluation. Group compari-
sons were made between CI MS and CP MS groups, and
then between each patient group and HV group. Post hoc
comparisons were made using the Mann–Whitney U-test or
the Student’s t-test when data were normally distributed. P
values <0.05 were considered statistically significant.

For the VBM analysis, group differences were inferred
using voxel-level random-effects ANOVA with age, gen-
der, and intracranial volume as covariates. A threshold at
P< 0.001 with a correction for cluster extension was
applied to the resultant statistical maps. Among the clus-
ters identified with this threshold, we further outlined the
clusters that were significant after family-wise error (FWE)
correction at a threshold of P< 0.05.

For the resting-state functional connectivity analysis,
group differences were inferred from the data using a
fixed-effects group approach and a Bayesian group analy-
sis with numerical sampling scheme (Marrelec et al., 2006).
A probability of difference between groups >0.95 was con-
sidered significant.

A multimodal analysis was performed to assess the
impact of different MRI measures on cognition by investi-
gating the effect sizes (Cohen’s d) between the two groups
of patients.

A regression analysis with Spearman rank correlation
and a stepwise multilinear regression model was used to
assess whether functional connectivity within the DMN

was associated with global and local WM and GM struc-
tural abnormalities in MS patients.

RESULTS

Demographical and Neuropsychological

Characteristics of Subjects

Age, disease duration, and education level were not dif-
ferent between the 2 groups of patients (CI MS and CP
MS). HV and CI MS patients slightly differed for gender
ratio with more female in the CI group. EDSS score was
low in all patients (mean score 1 and 3 in the CP MS and
CI MS group, respectively), the difference being only due
to the cerebral functional subscore (Table I).

When compared to CP MS group, the CI MS group had
a strong defect in global cognitive performance (MDRS),
sustained attention (digit span, PASAT), processing speed,
working memory (PASAT), and executive functions (flu-
ency, TMT; Table II). CI MS patients also had impaired free
recall, but performance at the cued recall was unimpaired
with no difference compared to both the CP MS and
healthy controls groups, indicating preserved mnesic stor-
age ability. Cognitive performances were identical between
HVs and CP MS patients, and strongly decreased in CI MS
compared to controls. Fatigue scores (FIS) were higher
among CI MS patients compared to the two other groups.

WM Lesion Load

The total volume of T2 lesions was higher in CI MS
patients (11.1 6 13.6 cm3) compared to CP MS patients
(3.1 6 3.7 cm3). Black holes volume was also higher in CI

TABLE II. Neuropsychological results

CP MS CI MS HV P valuea

MDRS (/144) 142 (2) 137 (5) 142 (2) <5 3 1023

PASAT (/60) 51 (8) 30 (7) 50 (7) <5 3 1029

Digit span 11 (2) 5 (3) 10 (3) <5 3 1025

TMT A (s) 22 (5) 41 (16) 22 (8) < 5 3 1025

TMT B (s) 52 (13) 105 (29) 53 (23) <5 3 1026

SR10/36 (/36) 21 (5) 16 (4) 21 (4) <5 3 1023

SR-D 10/36 (/10) 8 (2) 6 (2) 9 (2) 0.02
Lexical fluency 24 (6) 17 (6) 24 (7) <5 3 1023

Semantic fluency 37 (9) 27 (10) 37 (9) <5 3 1023

RL-RI 16 items
Immediate free recall/48 37 (6) 32 (6) 38 (4) 0.03
Immediate total recall/48 47 (2) 46 (3) 47 (1) ns
Delayed free recall/16 14 (2) 12 (3) 14 (1) 0.02
Delayed total recall/16 15.8 (0.5) 15.6 (1.0) 15.8 (0.3) ns

Results are expressed as means (SDs).
MDRS: Mattis dementia rating scale; PASAT: paced auditory serial addition test; TMT: trail making test; SR10/36: spatial recall test: SR-
D 10/36: spatial recall test delayed.
aP value: CI MS versus CP MS and HV.
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MS patients (0.51 6 0.72 cm3) compared to CP MS patients
(0.08 6 0.22 cm3).

GM Atrophy

VBM analysis showed a greater decrease in GM volume
in the CI MS group compared to CP MS in the frontal cor-
tex (inferior, middle, and superior frontal gyrus), the poste-
rior cingulate gyrus/cuneus, the supramarginal gyrus, the
parahippocampal gyrus, the inferior and middle temporal
gyrus, and basal ganglia (caudate and thalamus; Support-
ing Information Table III; Fig. 1). Several regions identified
in this VBM analysis were highly connected with brain net-
works involved in cognition mainly the DMN (posterior
cingulate gyrus, middle frontal gyrus, middle temporal
gyrus, and parahippocampal gyrus) but also the attentional
network (middle and inferior frontal and middle temporal
gyri). Applying a very rigorous correction using FWE still
led to the identification of atrophy in several regions of
interest (left posterior cingulate gyrus, left inferior frontal
gyrus, right thalamus, and bilateral caudate).

Resting State Network Analysis

Whole brain analysis by ICA allowed identification of
several networks as previously described (Damoiseaux
et al., 2006; Perlbarg and Marrelec, 2008). We analyzed
selectively networks involved in cognition (Fig. 2A–C): the
DMN, the frontoparietal attentional network (ATT), which
was splited into right (ATT-R) and left (ATT-L) compo-
nents, and the dATT. The motor (MOT) network was
assessed as an internal control, as sensory-motor functions
were identical between groups (Fig. 2D).

In the CI MS compared to CP MS group, total integra-
tion was significantly reduced in the DMN (226%) and
ATT networks (right: 238%; left: 226%) and in dorsal
attentional network (221%) but was not different in the

MOT network (Fig. 2E). Although there were more
females in the CI MS group than in the CP MS group,
results were significant when corrected for gender.

In the CP MS group compared to HV, total integration
was not different in the DMN and the MOT network, but

TABLE III. Effect size of MRI functional and structural

metrics between the CP and CI MS groups

MRI metrics Effect size (d)

Functional connectivity measures
DMN integration 6.26
ATT-R integration 8.75
ATT-L integration 5.33
dATT integration 3.78
MPFC-PCC functional correlation 6.63

WM structural measures
T2LV 20.86
T1LV 20.86
Ant cing FA 1.58
R post cing FA 1.17
L post cing FA 1.31
Ant cing AD 20.39
R post cing AD 20.71
L post cing AD 20.63
Ant cing RD 21.49
R post cing RD 21.21
L post cing RD 21.17

GM structural measures
Normalized GM volume 1.22
PCC volume 1.44
LMFG volume 1.42

DMN: default mode network; ATT-R and ATT-L: right and left
frontoparietal attentional networks; dATT: dorsal attention net-
work; MPFC: medial prefrontal cortex; PCC: posterior cingulate
cortex; ant cing: anterior cingulum; post cing: posterior cingulum;
WM: white matter: GM; gray matter; T2LV: T2 lesion volume;
T1LV; T1 lesion volume; LMFG: left middle frontal gyrus.

Figure 1.

Gray matter atrophy in CI MS patients compared to CP MS patients assessed by VBM

(P< 0.001, k 5 216 mm2). SFG: superior frontal gyrus; MFG: medial frontal gyrus; IFG: inferior

frontal gyrus; PCG: posterior cingulate gyrus; SMG: supramarginal gyrus; MTG: medial temporal

gyrus; PHG: parahippocampal gyrus; Th: thalamus; C: caudate; BA: Brodmann area.
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was significantly increased in both ATT networks (right
ATT network: 122%; left ATT network: 126%) and in dor-
sal attentional network (120%).

In the CI MS group compared to HV, total integration
was significantly reduced in the DMN (222%) and in the
right ATT network (214%), but it was not different in the
left ATT network and in the dorsal attentional network
(Fig. 2E).

Functional and Structural Measures Within the

DMN: A Dissociation Between Attentional and

Mnesic Pathways

As the preservation of mnesic storage contrasted with
alteration of other cognitive functions in the CI MS group,
we analyzed separately in the DMN that was the most dis-
connected network, (1) the ventral DMN component,
which comprises the PCC and PHG and (2) the dorsal
DMN component, which comprises MPFC and PCC. The
fibre tract connecting these regions is mainly the cingulum
(Greicius et al., 2009; van den Heuvel et al., 2009), divided
in two parts: the anterior cingulum, connecting the MPFC
to the PCC and involved in attention and frontal perform-
ance (Charlton et al., 2010; Schermuly et al., 2010), and the
posterior cingulum, connecting the PCC to the PHG (Fig.
3A) and involved in mnesic storage itself (Charlton et al.,
2010; Sasson et al., 2012).

Comparison between CI MS and CP MS patients

Functional correlation measures at the resting state were
strongly reduced in CI MS between regions connected by

the anterior cingulum (MPFC and PCC: 245%), but not
between the regions connected by the posterior cingulum
(PCC and PHG; Fig. 3B). By contrast, a significant decrease
in mean FA in CI MS was found in both the anterior cing-
ulum (16%) and the posterior cingulum (12% in the left,
11% in the right; Fig. 3C). RD was increased in CI MS
both in anterior and posterior cingulum (115% and 112%,
respectively, Fig. 3D), whereas there was no difference in
AD (Fig. 3E).

Regional macroscopic T2 lesion load was quantified in
each of these tracts, and no difference between CI MS
(anterior cingulum: 6 6 16 mm3 and posterior cingulum:
4 6 12 mm3) and CP MS patients (anterior cingulum:
4 6 14 mm3 and posterior cingulum: 0 mm3) was found.
The presence of T2 lesions within anterior and posterior
cingulum did not impact on the measurement of FA and
diffusivity as removing the T2 lesions from the analysis of
these tracts did not modify our results. When total lesion
load was considered, we found no correlation with FA in
both posterior cingulum but a negative correlation was
found between total lesion load and FA in the anterior
cingulum (r 5 20.57; P 5 0.0022). No black hole lesions co-
localized with the cingulum except in two CI MS patients
and they impacted none of the DTI metrics.

Comparison between HV and CP MS patients

There was no difference in resting state correlation
and diffusivity parameters for these regions, except for
a difference in the RD within the left posterior
cingulum (increase of 5% in CP MS patients compared to
controls).

Figure 2.

(Left) Default mode, frontoparietal attentional, dorsal attentional

and motor networks identified by independent component anal-

ysis. (A) Default mode network (DMN, red); (B) left (ATT-L,

blue) and right (ATT-R, purple) frontoparietal attentional net-

work; (C) dorsal attentional network (dATT, yellow); (D) motor

network (MOT, green); and (right; E) total within-system inte-

gration in the DMN, ATT-R, ATT-L, dATT, and MOT; *: P< 0.05;

**: P< 5 3 1023; ***: P< 5 3 1024; and ns: nonsignificant.
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Comparison between HV and CI MS patients

We found significant differences between HV and CI
MS patients for the same parameters than between CP MS
and CI MS patients, with the addition of an increase in
AD within the posterior cingulum (15% in the right poste-
rior cingulum and 16% in the left posterior cingulum in
CI MS patients compared to HV; Fig. 3E).

Multimodal Analysis of Functional and Structural

Data and Their Impact on Cognition

An effect size analysis was conducted between CP and
CI MS groups for the most relevant MRI metrics (Table
III). Resting state functional connectivity measures such as
the ATT-R and DMN integration, as well as the MPFC-

Figure 3.

Structural and functional measures within the default mode net-

work. (A) 3D view of the three regions of interest in the DMN

together with the bundles identified by tractography in a patient

with MS. Red: medial prefrontal cortex (MPFC); blue: posterior

cingulate/precuneus (PCC): yellow: parahippocampal gyrus

(PHG); pink: anterior cingulum; and green: posterior cingulum.

(B) Functional correlation between MPFC and PCC, PCC and

left PHG, PCC and right PHG. (C–E) Mean FA, radial diffusivity

(RD) and axial diffusivity (AD), respectively, within the anterior

cingulum, the left posterior cingulum and the right posterior

cingulum; *: P< 0.05; **: P< 5 3 1023; ***: P< 5 3 1024; and

all other group differences were not statistically significant.
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PCC functional correlation had the highest effect size
(Cohen’s d score 8.75, 6.26, and 6.63, respectively). Among
structural data, anterior cingulum FA and PCC volume
had a similar effect size (Cohen’s d score 1.58 and 1.44,
respectively).

To investigate the relationship between functional and
structural abnormalities within the DMN, we performed a
linear regression analysis between the MPFC-PCC resting
state functional correlation and the most relevant
structural imaging measures: (i) for GM volumes, total
GM as well as left middle frontal gyrus (LMFG) and PCC
(the two most significant GM clusters in the VBM analysis)
and (ii) for WM integrity, DTI metrics (FA, AD, and RD)
in the anterior and posterior cingulum, total T1 and T2
lesion volume, T1 and T2 lesion volume within the cingu-
lum. MPFC-PCC functional connectivity showed a positive
correlation with PCC volume, LMFG volume, and FA of
the anterior cingulum only (Fig. 4). We subsequently per-
formed a stepwise regression model including all the
above structural variables to predict the functional connec-
tivity between MPFC and PCC. Significant prediction was
only obtained with one variable, which was the PCC vol-
ume (P 5 0.012, R2 5 0.1605, F-statistic 5 7.116).

DISCUSSION

Our findings strongly suggest that modifications in func-
tional connectivity identified using resting state fMRI are
key players in the occurrence of the severe cognitive dys-
function observed in the CI MS group as: (i) preserved or
enhanced connectivity within the DMN and both atten-
tional networks was associated with preserved cognitive
performances in the CP MS group, (ii) preserved connec-
tivity in other specific networks (involved in motor func-
tion and memory) was also associated with normal related
clinical function, and (iii) reduced connectivity within the
DMN and to a lesser extent, attentional networks, was

associated with cognitive impairment. The matching
between the two MS groups for age, noncognitive EDSS
scores, disease duration, and education level, allowed a
selective investigation of cognition impairment-related
mechanisms, focusing on large-scale brain networks con-
nectivity. The dichotomy between the two patients group
was based on an extensive neuropsychological battery in
order to investigate broad cognitive domains such as
attention, processing speed, verbal and visuospatial learn-
ing and memory. We acknowledge that interpretation of
neuropsychological testing could be limited by the lack of
specificity and practice effects previously reported for the
PASAT (Polman and Rudick, 2010). However, defining
cognitive impairment as the failure of at least three tests
allowed to minimize this bias and to accurately define sub-
jects with a severe and significant cognitive deficit.
Although there was a difference in the gender ratio
between patients and HVs, statistical comparisons
remained significant when controlled for gender. The cor-
rection for gender was required here as gender has been
reported to influence structural and functional parameters
in MS. A more severe deep GM atrophy was found in
male compared to female patients (Schoonheim et al.,
2012), the male having a more severe cognitive impair-
ment than female in that study. As well, a weaker func-
tional connectivity in male compared to female patients
was reported within the DMN (Koenig et al., 2013).

Few studies to date have investigated the relationship
between resting state connectivity and cognitive status of
MS patients, with apparent conflicting results. Following
the clinically isolated syndrome (CIS), an increase in the
connectivity within the DMN was identified with a subse-
quent return to normal level during the RR phase (Roosen-
daal et al., 2010). Whether such an early increase in
connectivity could be linked to cognition or could reflect a
more general brain adaptive mechanism remains to date
unsolved. Later on during MS course, connectivity was
found to be reduced in the DMN together with the

Figure 4.

Spearman rank correlation between functional connectivity within the DMN and structural imaging

parameters. MPFC: medial prefrontal cortex; PCC: posterior cingulate cortex; MFG: middle frontal

gyrus. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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accumulation of cognitive deficits in RRMS (Bonavita
et al., 2011) as well as in a cohort of progressive MS sub-
jects with various levels of cognitive deficits (Rocca et al.,
2010), which was in accordance with our results. This con-
trasted with a recent report showing that increased con-
nectivity in the DMN during the very early RR phase was
associated with worse cognitive performances (Hawellek
et al., 2011). The slight methodological differences between
the reported studies could provide some explanation for
these discrepancies. In particular while all studies used
ICA derived methods, allowing the identification of tem-
porally coherent networks that are usually consistent
among subjects (Calhoun et al., 2008), different software
were then employed for network connectivity quantifica-
tion (Bonavita et al., 2011; Cruz-Gomez et al., 2014; Hawel-
lek et al., 2011; Rocca et al., 2010). Studies differed also
between a totally data-driven analysis (Hawellek et al.,
2011) and a hypothesis driven analysis of networks
implied in cognitive processes. Here, we used a two-step
method consisting in an automatic definition of regions of
interest based on ICA followed by the calculation of func-
tional integration within the networks selected on physio-
pathological hypothesis. To go further, we proposed to
jointly study functional and structural connectivity from
the same regions. This allows to directly investigate the
functional connectivity disorder and structural damage in
the same bundles, as done here for the cingulum.

An alternative explanation for these discrepancies could
be related to the different levels of compensatory
mechanisms at distinct stages of the disease. Following
CIS, an increase in DMN connectivity could be interpreted
as a compensatory mechanism aimed at preventing the
onset of cognitive deterioration. This would be in agree-
ment with the study performed in RR patients (Hawellek
et al., 2011), showing increased DMN connectivity associ-
ated with cognitive symptoms, as most patients in this
study only displayed minor cognitive abnormalities (with
failure at one or few tests and restricted cognitive domains
involved). Therefore, DMN connectivity may be part of
the compensatory mechanisms used by the brain to main-
tain global cognitive efficiency against structural WM
injury, which supports the described influence of DMN on
the cognitive reserve of MS patients (Sumowski et al.,
2010).

Although previous studies have suggested a higher WM
lesion load among patients with cognitive disorder (Rova-
ris et al., 2006), WM lesions only partly explained the cog-
nitive symptoms and the relationship tended to disappear
with disease progression (Kincses et al., 2011; Reuter et al.,
2011). Accordingly, although we found a higher global
lesion load in the CI MS group, the regional lesion load
within cingulum did not differ between groups, whereas
the strongest disconnection was found between MPFC and
PCC, suggesting that the decrease in connectivity within
the DMN was not a direct consequence of regional WM
lesions. We further analyzed WM structural changes using
DTI in anterior and posterior cingulum. A limitation of the

study was that we used a single b0 to estimate the diffu-
sion tensor, which could have reduced the sensitivity of
these measures to detect changes in MS patients (Jones
et al., 1999). However in CI MS patients, we found signifi-
cant diffusivity abnormalities in both the anterior and pos-
terior cingulum that contrasted with reduced functional
connectivity within the anterior cingulum only. Therefore,
the normal appearing WM (NAWM) pathology did not
strictly parallel the level of disconnection within networks
in our study.

As neither regional macroscopic lesions nor regional
NAWM damage fully explained resting state connectivity
changes, the functional disconnection in associative net-
works could be related to GM pathology, which has
already been proposed to act on cognitive dysfunction
(Amato et al., 2007; Calabrese et al., 2011; Morgen et al.,
2006). In this respect, we showed that, in the CI MS group,
cortical regions with pronounced atrophy were character-
ized by their multiple connections with associative net-
works. This was the case for the frontal gyri and the
posterior cingulate gyrus, which are part of the DMN. In
these regions, GM volume but also FA in the anterior cing-
ulum significantly correlated with the functional connec-
tivity between cortical regions of the DMN connected by
the anterior cingulum (MPFC and PCC). However in the
multilinear regression model including both measures of
tissue integrity in the WM and GM compartment, the
functional connectivity between MPFC and PCC was only
predicted by the volume of PCC. Together with cortical
pathology, the thalamic atrophy identified in CI MS sub-
jects could be part of the triggering mechanisms, as DMN
disconnection was described as a possible consequence of
an MS thalamic lesion (Jones et al., 2011). Finally such a
disconnection may deprive the brain of a crucial adaptive
compensatory mechanism required to maintain cognitive
efficiency.

In conclusion, we have characterized the functional con-
nectivity changes in cognitive brain networks that underlie
the occurrence of a severe cognitive impairment at an
early stage of MS. The main abnormalities were a decrease
in DMN connectivity, and to a lesser extent a decrease (or
lack of increase) in frontoparietal and dorsal attentional
networks. Overall, functional connectivity measures were
the imaging parameters that had the highest effect size to
discriminate CP and CI MS patients compared to struc-
tural MRI metrics.

These connectivity changes were not fully explained by
structural WM pathology, and regional cortical atrophy in
areas connected with these networks is thought to play a
triggering role. In the future, evaluation of the resting state
networks connectivity could open new ways to monitor
disease progression and evaluate cognitive rehabilitation
efficacy. Exploring connectivity changes in additional
functional networks that have recently raised interest in
cognitive domains such as the executive control network
and the salience network would also be of potential
interest.
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