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Abstract: In this multicenter study, we applied functional magnetic resonance imaging (fMRI) to define
the functional correlates of cognitive dysfunction in patients with multiple sclerosis (MS). fMRI scans
during the performance of the N-back task were acquired from 42 right-handed relapsing remitting
(RR) MS patients and 52 sex-matched right-handed healthy controls, studied at six European sites
using 3.0 Tesla scanners. Patients with at least two abnormal (<2 standard deviations from the norma-
tive values) neuropsychological tests at a standardized evaluation were considered cognitively
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impaired (CI). FMRI data were analyzed using the SPM8 software, modeling regions showing load-
dependent activations/deactivations with increasing task difficulty. Twenty (47%) MS patients were
CI. During the N-back load condition, compared to controls and CI patients, cognitively preserved
(CP) patients had increased recruitment of the right dorsolateral prefrontal cortex. As a function of
increasing task difficulty, CI MS patients had reduced activations of several areas located in the fronto-
parieto-temporal lobes as well as reduced deactivations of regions which are part of the default mode
network compared to the other two groups. Significant correlations were found between abnormal
fMRI patterns of activations and deactivations and behavioral measures, cognitive performance, and
brain T2 and T1 lesion volumes. This multicenter study supports the theory that a preserved fMRI
activity of the frontal lobe is associated with a better cognitive profile in MS patients. It also indicates
the feasibility of fMRI to monitor disease evolution and treatment effects in future studies. Hum Brain
Mapp 35:5799–5814, 2014. VC 2014 Wiley Periodicals, Inc.

Key words: multiple sclerosis; fMRI; cognition; cognitive impairment; prefrontal cortex; default mode
network; functional reserve
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INTRODUCTION

A large proportion of patients with multiple sclerosis
(MS) have cognitive deficits, with a prominent involve-
ment of attention, information processing speed, executive
functions, memory, and visuo-spatial abilities [Chiaraval-
loti and DeLuca, 2008]. Considering the dramatic impact
cognitive impairment has on patients’ activities, the defini-
tion of the underlying substrates is of paramount impor-
tance, since this is likely to contribute to the development
of valid therapeutic strategies or to monitor the functional
state of patients.

The application of modern magnetic resonance imaging
(MRI) techniques has markedly improved our understand-
ing of the mechanisms associated with MS-related cogni-
tive impairment. Damage to the brain normal-appearing
white matter (NAWM) and gray matter (GM), in terms of
lesions [Calabrese et al., 2009; Roosendaal et al., 2009], dif-
fuse microstructural abnormalities [Dineen et al., 2009;
Mesaros et al., 2012], and tissue loss [Amato et al., 2004;
Calabrese et al., 2009] has been variously related to the
severity of cognitive impairment in patients with different
MS clinical phenotypes. Functional MRI (fMRI) studies
have suggested that redistribution of function within
cognitive-related networks might counteract such struc-
tural damage, at least at some stages of the disease process
[Cader et al., 2006; Cader et al., 2009; Rocca et al., 2010a;
Staffen et al., 2002; Sumowski et al., 2010].

Experimental evidence suggests that fMRI might repre-
sent a valid tool to monitor the effect of specific therapeu-
tic interventions on cognition. A few single-center studies
have applied fMRI to assess the functional correlates of
acute and chronic administration of acetylcholinesterase
inhibitors in MS patients [Cader et al., 2009; Parry et al.,
2003]. More recently, the beneficial effects of cognitive
rehabilitation on attention, executive functions and mem-
ory performances have been associated with the optimiza-
tion of compensatory strategies in cognitive-related

networks during training [Filippi et al., 2012; Leavitt et al.,
2012; Sastre-Garriga et al., 2011].

Several steps are required to confirm the utility of fMRI
in the context of MS trials assessing treatment efficacy for
cognitive disturbances. The first is the validation of the
approach obtained in a multicenter setting. Should this be
achieved, the next step would be its application in a longi-
tudinal frame, to define how these measures relate to dis-
ease clinical manifestations and how they are modulated
by treatment. Against this background, we applied fMRI
to define the functional correlates of cognitive dysfunction
in patients with MS in a multicenter setting.

METHODS

Subjects

Subjects were recruited at six European centers (www.
magnims.eu), which included: (a) the Department of Radi-
ology, VU University Medical Centre, Amsterdam (Nether-
lands); (b) the CEM-Cat, Hospital Vall d’Hebron,
Barcelona (Spain); (c) the Research Unit for Neuronal
Repair and Plasticity, Medical University Graz, Graz (Aus-
tria); (d) the Queen Square Imaging Centre, Institute of
Neurology, University College London, London (UK); (e)
the Neuroimaging Research Unit, San Raffaele Scientific
Institute, Milan (Italy); and (f) the MRI Center “SUN-
FISM”, Second University of Naples, Naples (Italy).

The inclusion criteria for this study required all subjects
to be right-handed [Oldfield, 1971] and aged between 20
and 55 years. In addition, patients had to have a diagnosis
of relapsing remitting (RR) MS [Lublin and Reingold,
1996; Polman et al., 2011]; a disease duration �15 years (to
exclude patients with benign MS); an Expanded Disability
Status Scale (EDSS) [Kurtzke, 1983] �4.0; no relapse or cor-
ticosteroids treatment within the month prior to scanning;
and no clinically apparent motor impairment of the right
upper limb.
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Ten patients and three healthy controls (HC) had to be
excluded from the final analysis: four patients and one HC
were excluded because they were left handed; six patients
and two HCs because they did not complete the scanning
protocol appropriately.

The final dataset used for this analysis included 42
RRMS patients (19/23 men/women; mean age 5 39.6
years, standard deviation [SD] 5 8.5 years, range 5 24–55
years; mean disease duration 5 7.7 years, range 5 2–15
years; median EDSS score 5 2.0, range 5 1.0–4.0) and 52
HC (24/28 men/women, mean age 5 34.9 years, SD 5 8.6
years, range 5 22–52 years). Table I shows the main demo-
graphic and clinical characteristics of the study subjects
per site. Gender did not differ significantly between HC
and MS patients (P 5 0.9), whereas HC were significantly
younger than MS patients (P 5 0.01). As a consequence,
age was included as nuisance covariate in all statistical
models used. Local ethics approval was obtained at all
sites and all subjects gave informed consent.

Functional and Neuropsychological Assessment

Within 48 h from the MRI acquisition, MS patients
underwent a neuropsychological evaluation, performed at
each participating site by an experienced neuropsycholo-
gist, unaware of the MRI results, using validated transla-
tions of the neuropsychological tests. Cognitive
performance was assessed using the Brief Repeatable Bat-
tery of Neuropsychological Tests (BRB-N) [Rao, 1990],
which includes the Selective Reminding Test (SRT) to
assess verbal memory; the 10/36 Spatial Recall Test (10/36
SRT) to assess visual memory; the Symbol Digit Modalities
Test (SDMT) and the Paced Auditory Serial Addition Test
(PASAT) 20 0 and 300 [Gronwall, 1977] to assess attention
and information processing speed; and the Word List Gen-
eration (WLG) test to assess verbal fluency. As previously
described [Sepulcre et al., 2006], Z-scores for each of the
previous domains and a global Z-score of cognitive func-
tion (obtained by averaging Z-scores of all tests) were
calculated.

In addition, the Wisconsin Card Sorting Test (WCST)
was administered to evaluate executive functions [Heaton
et al., 1993]. Performance at the WCST was evaluated by
computing scores related to the total errors (WCSTte), the
number of perseverative errors (WCSTpe), and the number
of perseverative responses (WCSTpr) [Heaton et al., 1993].
Patients with a score �2 SD in at least one of these meas-
ures were considered impaired at the WCST [Filippi et al.,
2012; Mattioli et al., 2010; Parisi et al., 2012].

Patients with at least two abnormal tests (defined as a
score more than 2 SDs below the normative value pro-
vided by Boringa et al. [2001] for the BRB-N and by Hea-
ton et al. [1993] for the WCST) were considered
cognitively impaired (CI) [Lazeron et al., 2005; Portaccio
et al., 2009]. It has been previously shown that the BRB-N
is only marginally influenced by language or cultural dif-

ferences, and that normative values obtained from healthy
controls from different countries are not significantly dif-
ferent [Sepulcre et al., 2006].

MRI Acquisition

Brain MRI scans were obtained using magnets operating
at 3.0 Tesla at all sites (Amsterdam and Naples: GE Signa;
Barcelona, Graz and London: Siemens Trio; Milan: Philips
Intera). Functional MR images were obtained at all sites
using a T2*-weighted single-shot echo-planar imaging
(EPI) sequence with the following parameters: repetition
time (TR) 5 2,800 ms, echo time (TE) 5 30 ms, flip
angle 5 85�, matrix size 5 128 3 128, field of view
(FOV) 5 240 mm2. During each fMRI run, 264 sets of 30
axial slices, parallel to the AC-PC plane, with a thickness
of 4 mm, covering the whole brain were acquired. During
the same scanning session, the following brain sequences
were obtained: (1) dual-echo turbo-spin-echo (TSE):
TR 5 ranging from 4,000 to 5,380 ms, TE1 5 ranging from
10 to 23 ms, TE2 5 ranging from 90 to 102 ms, echo train
length (ETL) 5 ranging from 5 to 11, 44 contiguous, 3-mm-
thick axial slices, parallel to the AC-PC plane, with a
matrix size 5 256 3 192 and a FOV 5 240 3 180 mm2

(recFOV 5 75%); (2) 3D T1-weighted scan: TR 5 ranging
from 5.5 to 8.3 ms (for GE/Philips scanners) and from
1,900 to 2,300 ms (for Siemens scanners); TE 5 ranging
from 1.7 to 3.0 ms; flip angle ranging from 8� to 12�, 176 to
192 sagittal slices with thickness 5 1 mm and in-plane res-
olution 5 1 3 1 mm2.

Experimental Design

The N-back working memory task was implemented as
a parametric design with different N-back levels randomly
occurring in blocks. Subjects were presented with letters
and had to respond by indicating whether the letter
matched the target (an x for n 5 0, the immediately previ-
ous letter for n 5 1, similarly for two or three letters back,
n 5 2 and n 5 3, respectively) or not. The letters were
selected from the English alphabet except j, k, w, y due to
ambiguity in lower case form. The letter x was excluded in
1-, 2-, 3- back conditions since it was always used as target
in the 0-back task. The difficulty of the task (cognitive
load) increased with “n.” Each block consisted of 20 trials
(1-s stimulus, 1.8-s blank) with a total duration of 56 s,
and was preceded by an initial 6-s prompt. The four
blocks of the 0-, 1-, 2-, and 3-back conditions, presented in
random order, were repeated three times, for a total stimu-
lus duration of 12 min and 20 s. The stimulation paradigm
was generated at the Neuroimaging Research Unit (Milan,
Italy) using PresentationVR software (Neurobehavioral Sys-
tem) and then delivered to the other participating sites.
Stimuli were back-projected onto a screen in the scanner
room which the subjects saw through a mirror standard
system located on the scanner’s head coil. A response box
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allowed to record letter choice (accuracy) and reaction
time (RT).

MRI Analysis

The analysis of structural and fMRI data was done cen-
trally at the Neuroimaging Research Unit (Milan, Italy) by
experienced observers.

T2 hyperintense and T1 hypointense lesion volumes
(LV) were measured on dual-echo TSE and 3D T1-
weighted scans, respectively, using a local thresholding
segmentation technique (Jim 5.0, Xinapse System, Leices-
ter, UK). Normalized brain volumes (NBV) were measured
on 3D T1-weighted scans using the SIENAx software
[Smith et al., 2002].

FMRI data were analyzed using the statistical paramet-
ric mapping (SPM8) software. Prior to statistical analysis,
all images were realigned to the mean image to correct for
subject motion, spatially normalized into the Montreal
Neurological Institute (MNI) space, and smoothed with a
10-mm, three-dimesional (3D) Gaussian filter. Subjects
were included in the subsequent statistical analysis if they
had a maximum cumulative translation lower than
3.0 mm in the x,y,z planes (lower than 1.0 mm for each
plane) or a maximum cumulative rotation of 0.5� (none of
the subjects were excluded due to movement). Mean
cumulative translations and rotations did not differ signifi-
cantly between healthy controls and MS patients (P 5 0.12
and 0.27 respectively, ANOVA models adjusted for site
effect). Changes in blood oxygenation level dependent
(BOLD) contrast associated with the performance of the N-
back task were assessed on a voxel by voxel basis, using
the general linear model and the theory of Gaussian fields
[Friston et al., 1995]. A first-level design matrix, including
motion parameters as regressors, was built and specific
effects were tested by applying appropriate linear con-
trasts. For each subject, the three task conditions (1-, 2-,
and 3-back) were contrasted with the 0-back condition.
Finally, areas showing increasing activation (or deactiva-
tion) with increasing task difficulty were identified by cre-
ating a linear contrast (N-back load) from 0- to 3-back.

Statistical Analysis

Patients’ clinical and MRI characteristics were reported
as medians and ranges or as frequencies and percentages
for continuous and categorical variables, respectively.
Between-group and between-center comparisons were per-
formed using the Pearson v2 test and Mann-Whitney U-
test or Kruskal-Wallis test for categorical and continuous
variables, respectively. Because of potential presence of
between-center heterogeneity, univariate, and age-adjusted
between-group comparisons were also performed using
generalized linear mixed effect models with random inter-
cepts and unstructured covariance matrix. Given the
length of the fMRI task, we explored the possible influenceT
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of fatigue during the N-back task by performing an analy-
sis of variance on the percentage of incorrect responses.
The following effects were included in the model: time,
task (i.e., 0-, 1-, 2-, or 3-back) and interaction term time x
task. A P-value <0.05 was considered as statistically signif-
icant (SAS Release 9.1.3 software).

fMRI analysis was performed using SPM8 and second-
level statistics. One-sample t tests (P< 0.05, family-wise
error [FWE] corrected for multiple comparisons) were
used to assess the average activity during the 1- vs. 0-, 2-
vs. 0-, 3- vs. 0-back, and N-back load conditions in HC
and MS patients (as a whole, and according to the pres-
ence/absence of CI). Between-group comparisons of fMRI
activity during the load contrast were performed using
full factorial models adjusted for site and age effects. The
analysis was repeated including NBV as an additional
covariate. Results were tested both at P< 0.001, uncor-
rected, and at P< 0.05, FWE corrected. Between-center het-
erogeneity of fMRI activity as well as between-center
heterogeneity of differences between patients and controls
in such an activity was assessed by creating two F con-
trasts in the SPM8 design matrix, one testing site effect
and one testing group x site interaction. Multiple linear
regression models, adjusted for age and site, were used to
assess the correlation between fMRI activity during the N-
back load condition and behavioral (accuracy, RT), clinical
(EDSS, disease duration), neuropsychological (global Z
score of cognitive performance and Z scores of single cog-
nitive domains and WCST), and conventional MRI (T2 LV
and T1 LV) variables (P< 0.001, uncorrected).

RESULTS

Clinical, Neuropsychological, and Conventional

MRI Measures

The mean T2 and T1 LVs of MS patients were 12.9 ml
(SD 5 15.9 ml) and 6.5 ml (SD 5 6.6 ml), respectively. Com-
pared to HC, MS patients had significantly lower NBV

(mean NBV 5 1,549 [SD 5 73] ml in HC vs. 1,444
[SD 5 110] ml in MS patients; P< 0.001). A significant site
effect was found for age, EDSS, disease duration, and
NBV, whereas no effect was found for education, gender,
T2 LV, and T1 LV (Table I).

Twenty (48%) MS patients were classified as CI. All
patients impaired at WCST (n 5 10) were also classified as
CI on the BRB-N. The domains most frequently involved
were: attention and information processing speed (38% of
the patients), executive functions (29%), verbal memory
(27%), spatial memory (21%), and fluency (21%) (Table II).
The distribution of CI and cognitively preserved (CP)
patients did not differ significantly among sites (Table I).
Compared to CP patients, CI MS patients were signifi-
cantly older (mean age 5 36.9 years, SD 5 8.0 years for CP
and 42.6 years, SD 5 8.1 years for CI patients; P 5 0.04),
had higher T2 LV (mean T2 LV 5 8.6 ml, SD 5 11.9 ml for
CP and 18.2 ml, SD 5 18.5 ml for CI patients; P 5 0.02),
and T1 LV (mean T1 LV 5 4.2 ml, SD 5 3.9 ml for CP and
9.3 ml, SD 5 7.9 ml for CI patients; P 5 0.005), as well as
lower NBV (mean NBV 5 1,485 ml, SD 5 81 ml for CP and
1,398 ml, SD 5 120 ml for CI patients; P 5 0.01). No differ-
ences were found for gender (P 5 0.10), education
(P 5 0.63), EDSS (P 5 0.58), and disease duration (P 5 0.15).

During N-back task performance, MS patients had a
higher percentage of incorrect responses vs. HC (12.7% vs.
6.7%, P< 0.001), whereas RT did not differ between the
two groups (RT on correct/incorrect responses 5 0.62/0.89
sec in HC vs. 0.64/0.89 in MS patients, P 5 0.20 and 0.75,
respectively). Compared to CP, CI MS patients had a
higher percentage of incorrect responses (15.5% vs. 11.2%,
P 5 0.02) and a trend toward longer RTs on correct
responses (P 5 0.06, RTs for CP/CI MS patients 5 0.63/0.71
sec). Conversely, RTs on incorrect responses were compa-
rable between the two groups of patients (P 5 0.88, RTs for
CP/CI MS patients 5 0.89/0.93 sec). The analysis of var-
iance model testing the effect of fatigue found a significant
effect of task (P< 0.001) on the percentage of incorrect
responses, indicating that there was an increased number
of incorrect responses with increasing task difficulty.

TABLE II. Number and frequency of patients with multiple sclerosis (MS) having abnormal performances

at neuropsychological tests and distribution across centers

Cognitive domains
All centres

(N 5 42)
Amsterdam

(N 5 6)
Barcelona

(N 5 6)
Graz

(N 5 6)
London
(N 5 7)

Milan
(N 5 10)

Naples
(N 5 7)

Attention/information
processing speed (%)

16 (38%) 2 (33%) 2 (33%) 2 (33%) 2 (29%) 6 (60%) 2 (29%)

Executive functions (%) 12 (29%) 2 (33%) 0 (0%) 1 (17%) 5 (71%) 4 (40%) 0 (0%)
Verbal memory (%) 11 (26%) 3 (50%) 0 (0%) 1 (17%) 2 (29%) 2 (20%) 3 (43%)
Spatial memory (%) 7 (17%) 0 (0%) 0 (0%) 1 (17%) 2 (29%) 3 (30%) 1 (17%)
Verbal fluency (%) 9 (21%) 1 (17%) 2 (33%) 3 (50%) 0 (0%) 1 (10%) 2 (29%)

Abnormalities of attention/information processing speed, verbal memory, spatial memory and verbal fluency domains were derived
from the scores obtained at the Brief Repeatable Battery-Neuropsychological (BRB-N) battery, abnormalities of the executive functions
were derived from the scores obtained at the Wisconsin Card Sorting Test (WCST). See text for further details.

r fMRI Correlates of Cognitive Dysfunction in MS r

r 5803 r



Conversely, there was neither effect of time (P 5 0.76) nor
time x task interaction (P 5 0.13), thus indicating that the
percentage of incorrect responses during each tasks did
not change significantly with time.

N-Back Task-Related Activation/Deactivations

Figure 1 and Table III show brain regions significantly
activated/deactivated during the N-back load condition in
HC and MS patients. The patterns of activations during
the 1- vs. 0-, 2- vs. 0-, and 3- vs. 0-back conditions sepa-
rately in the two groups are illustrated in the Supporting
Information Figure 1. Both groups showed task-related
activations in bilateral parietal regions, bilateral middle
and inferior frontal (IFG) gyri, bilateral medial frontal and
dorsolateral prefrontal cortex (DL-PFC), bilateral anterior
cingulate cortex (ACC), bilateral insula, and cerebellum.
These regions showed also a linear increase of activity

with increasing task difficulty (Figure 1, Table III). Con-
versely, a pattern of brain regions, usually described as
part of the default mode network (DMN) (including the
bilateral precuneus/posterior cingulate cortex [PCC], bilat-
eral angular and superior temporal gyri (STG), and medial
superior frontal cortex), was deactivated with increasing
task difficulty (Figure 1, Table III). Compared to HC, MS
patients had significantly lower activation during the N-
back load condition of the bilateral inferior parietal lobule
(IPL), left IFG, and left DL-PFC (Table III, Figure 1). Simi-
lar between-group differences, with smaller cluster extents,
were found for the 2- vs. 0- and 3- vs. 0-conditions (data
not shown). Similar results were obtained when including
NBV as an additional covariate in the analysis (data not
shown). No significant heterogeneity of fMRI activity was
detected among site at P< 0.05 (FWE corrected). Using a
threshold of P< 0.001 (uncorrected), a significant group x
site interaction was detected in a cluster located at the
level of the left IFG (MNI space coordinates: 252 28 6,

Figure 1.

Brain regions showing linearly increasing (A, B) and decreasing

(C, D) functional magnetic resonance imaging (fMRI) activations

with increasing N-back task difficulty in healthy controls (A, C)

and patients with multiple sclerosis (MS) (B, D) (one-sample t

tests, P< 0.05 family-wise error corrected for multiple compari-

sons). Areas with lower increase of activity with increasing N-

back load in MS patients vs. healthy controls are shown in E.

Images are in neurological convention.
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TABLE III. Brain regions significantly activated/deactivated during the N-back load condition in healthy controls and

patients with multiple sclerosis (MS) (one sample t test, P < 0.05 family-wise error corrected for multiple compari-

sons) and between-group comparisons (P < 0.001 uncorrected)

Group Contrast Brain region Side BA
MNI space
coordinates

Cluster
extent k T value

Healthy controls N-back load activations IPL L 40 236 252 46 3,146 13.1
SPL L 7 224 270 46 11.9
IPL R 40 40 252 40 3,605 13.7
SPL R 7 30 266 52 11.7
Precentral gyrus L 6 244 6 38 3,649 11.7
DL-PFC L 46 234 50 22 7.6
IFG L 48 248 14 26 11.0
MFG R 8 32 6 58 2,601 10.2
DL-PFC R 46 38 54 22 7.0
IFG R 44 52 22 32 8.3
Insula L 47 234 20 2 567 12.6
Insula R 47 34 24 24 460 11.2
ACC L 32 22 18 50 935 10.6
SMA L 6 24 8 58 7.3
Cerebel (crI) R — 36 262 228 49 7.4
Cerebel (crI) L — 236 266 226 21 5.5

Healthy controls N-back Precuneus/PCC L 23 26 252 26 5,900 7.6
load deactivations Precuneus/PCC R 23 4 252 24 7.7

STG L 48 250 226 12 3,201 10.9
STG R 48 58 218 12 3,225 10.2
Mid SFG L 10 26 52 26 2,557 8.3
Mid SFG R 10 8 60 6 7.4
Angular gyrus L 39 244 274 30 576 8.6
Angular gyrus R 39 56 264 18 81 5.4
PHG R 28 26 216 222 131 6.2
Fusiform gyrus R 37 22 246 212 57 5.7

MS patients N-back load activations IPL L 40 246 248 52 1,998 8.6
SPL L 7 228 266 38 8.5
IPL R 40 40 244 40 1,944 7.6
SPL R 7 26 268 58 7.2
Precentral gyrus L 6 246 4 44 1,973 7.7
IFG L 44 246 12 30 8.1
DL-PFC L 46 234 48 18 24 5.5
Precentral gyrus R 44 42 4 28 790 5.5
IFG R 45 46 36 28 7.2
MFG R 8 30 14 60 612 8.0
DL-PFC R 46 42 54 10 27 5.8
Insula L 47 232 24 22 160 7.1
Insula R 47 32 24 24 82 6.3
SMA L 6 22 16 56 846 7.6
ACC L 32 24 26 44 5.5
Cerebel (lobule VI) R — 34 264 226 14 4.4

MS patients N-back load deactivations Precuneus/PCC L 23 24 248 28 1,900 8.9
Precuneus/PCC R 23 6 248 28 7.6
STG L 48 244 222 10 1,582 8.1
STG R 48 64 226 20 480 6.6
Mid SFG L 10 210 52 42 553 7.0
Mid SFG R 10 2 54 30 6.2
MTG L 37 252 266 14 118 6.4
MTG R 37 54 264 10 36 6.0

MS patients<healthy controls N-back load activations IPL L 40 238 246 50 268 4.1
IPL R 40 38 240 44 68 3.9
IFG L 44 254 8 24 71 3.6
DL-PFC L 46 234 46 32 51 4.1

L, left, R, right; BA, Brodmann area; IPL, inferior parietal lobule; SPL, superior parietal lobule; DL-PFC, dorsolateral prefrontal cortex;
IFG, inferior frontal gyrus; MFG, middle frontal gyrus; ACC, anterior cingulate cortex; SMA, supplementary motor area; Cerebel, cere-
bellum; Mid SFG, medial superior frontal gyrus; PHG, parahyppocampal gyrus; PCC, posterior cingulate cortex; STG, superior temporal
gyrus; MTG, middle temporal gyrus.



cluster extent k 5 75), which did not correspond to clusters
showing significant differences of fMRI activity between
controls and MS patients (Table III), suggesting only mini-
mal effect of site on our findings.

Effect of Cognitive Impairment

Brain regions activated/deactivated during the N-back
load condition in CP and CI MS patients are shown in Fig-
ure 2 and summarized in Table IV; the results of the
between-group comparisons are shown in Figures 3 and 4
and Table V. Compared to HC, CP MS patients had a
reduced recruitment of the left DL-PFC during the N-back
load condition, whereas compared to HC and CI MS
patients they showed an increased recruitment of the right
DL-PFC. With increasing task difficulty compared to HC
and CP patients, CI MS patients experienced reduced activa-
tions of several areas located in the fronto-parietal and tem-
poral lobes (Table V). The conjunction analysis identified the
left precentral gyrus, supplementary motor area (SMA) and
right insula as areas with lower activation in CI MS patients
vs. the other two groups during the N-back load condition.

Compared to HC and CP patients, CI MS patients also
had a diminished deactivation, during the N-back load

condition, of several regions mainly located at the level of
the parietal-temporal-occipital lobes (Table V, Figure 4). At
conjunction analysis, the bilateral PCC and lingual gyrus
were less deactivated in CI MS patients vs. the other two
groups (Table V, Figure 4).

Analysis of Correlations

In MS patients, reduced activations of regions of the
frontal lobes during the N-back load condition were asso-
ciated with longer disease duration, higher T2 LV, and
higher T1 LV (Table VI). Significant correlations were also
found between abnormal patterns of activations and deac-
tivations during the N-back load condition and behavioral
measures and cognitive performance, as well as perform-
ance at individual cognitive domains (Table VI).

DISCUSSION

In this prospective, cross-sectional study, we wished to
confirm the feasibility of the application of fMRI in a mul-
ticenter setting for the assessment of the functional corre-
lates of cognitive function in patients with MS. To this

Figure 2.

Brain regions showing linearly increasing (A, B) and decreasing (C, D) functional magnetic resonance

imaging (fMRI) activations with increasing N-back task difficulty in cognitively preserved (CP) (A, C)

and cognitively impaired (CI) (B, D) patients with multiple sclerosis (MS) (one-sample t tests, P< 0.05

family-wise error corrected for multiple comparisons). Images are in neurological convention.
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aim, we applied relatively strict inclusion criteria, a vali-
dated neuropsychological evaluation, and a standardized
fMRI task to evaluate patients and HC enrolled from six
different European sites. All centers used 3.0 T magnets
and similar MRI sequences. In addition, structural and
functional MRI analysis was preplanned and centralized.
For fMRI investigation, we chose to apply the N-back task,
which allows assessing working memory and which has
been already applied in several previous single-center
studies of MS patients [Amann et al., 2011; Cader et al.,
2006; Cader et al., 2009; Forn et al., 2007; Rocca et al.,
2010a; Sweet et al., 2004] and in multicenter studies of
healthy individuals [Gradin et al., 2010].

In line with the results of previous studies, which have
applied a similar fMRI paradigm [Cader et al., 2006; Cader
et al., 2009; Rocca et al., 2010a; Sumowski et al., 2010], dur-
ing the N-back task both HC and MS patients experienced
a distributed pattern of activations of several regions
located in the fronto-parietal lobes, insula and cerebellum,
as well as a consistent deactivation of areas usually
described as part of the DMN [Amann et al., 2011; Morgen
et al., 2007; Sumowski et al., 2010]. Such a pattern of brain
recruitment was independent of center and brain atrophy.
All of the previous regions are known to contribute to dif-
ferent aspects of working memory processing, and most of
them have been demonstrated to have load-dependent

TABLE IV. Brain regions significantly activated/deactivated during the N-back load condition in cognitively

preserved (CP) and cognitively impaired (CI) patients with multiple sclerosis (MS) (one-sample t test, P < 0.05

family-wise error corrected for multiple comparisons)

Group Contrast Brain region Side BA
MNI space
coordinates Cluster extent k T values

CP MS patients N-back load activations IPL L 40 240 244 46 2,631 9.6
SPL L 7 228 270 38 7.3
IPL R 40 38 246 42 3,474 8.6
SPL R 7 20 262 50 6.4
Precentral gyrus L 6 244 4 42 11,266 7.3
IFG L 45 252 28 32 10.6
SFG L 8 220 16 60 6.5
Precentral gyrus R 44 42 6 34 7.0
IFG R 45 46 38 30 8.8
MFG R 6/8 32 14 60 7.6
DL-PFC R 9 40 22 50 6.8
SMA L 6 22 14 58 8.1
ACC R 32 8 34 40 6.1
Insula R 47 32 22 26 8.7
Insula L 47 236 22 24 445 7.7

CP MS patients N-back load deactivations Precuneus/PCC L 23 24 246 32 6,742 9.1
Precuneus/PCC R 23 22 258 26 7.7
STG L 48 244 222 6 3,933 8.8
STG R 48 62 230 22 3,019 6.5
Mid SFG L 10 212 54 44 2,890 6.7
Mid SFG R 10 4 58 14 6.8
Fusiform gyrus R 37 40 236 224 425 6.4

CI MS patients N-back load activations IPL L 40 244 250 54 1,638 5.7
SPL L 7 220 272 54 5.0
IPL R 40 36 256 58 287 4.0
SPL R 7 20 270 52 4.6
Precentral gyrus L 6 248 6 38 1,350 5.8
IFG L 48 246 18 26 5.8
SMA R 8 2 20 48 292 5.1
ACC L 24 26 2 52 4.0

CI MS patients N-back load deactivations Precuneus/PCC L 23 26 248 26 483 5.1
Precuneus/PCC R 23 8 246 26 4.2
STG L 42 258 228 14 343 5.4
STG R 48 64 220 16 261 6.3

L, left, R, right; BA, Brodmann area; IPL, inferior parietal lobule; SPL, superior parietal lobule; DL-PFC, dorsolateral prefrontal cortex;
IFG, inferior frontal gyrus; MFG, middle frontal gyrus; SMA, supplementary motor area; ACC, anterior cingulate cortex; (Mid) SFG,
(medial) superior frontal gyrus; PCC, posterior cingulate cortex; STG, superior temporal gyrus.
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activations/deactivations during working memory tasks
[Braver et al., 1997; Buckner et al., 2008; Owen et al., 2005].
These regions included not only areas with a well-
characterized role for cognitive functions (see Owen et al.,
2005 for a review), such as the DL-PFC (involved in hold-
ing spatial information on-line, response selection, moni-
toring within working memory, and implementation of
strategies to facilitate memory), anterior cingulum (which
plays a role in error detection and response correction),
parietal cortex (involved in storage of working memory
contents and implementation of stimuli response map-
ping), and cerebellum (involved in high-level cognitive
functions and conflict adaptation) but also regions which
are part of the sensorimotor network, such as the precen-
tral gyrus and SMA. The recruitment of sensorimotor
areas can be related to the motor response required during
the fMRI task.

Interestingly, in agreement with the results of a recent
meta-analysis of MS studies [Kollndorfer et al., 2013],
when we compared the whole group of MS patients vs.
HC, we found in patients a consistently reduced activation
during the different experimental conditions of the bilat-
eral IPL, left IFG, and left DL-PFC.

Second to the proof of the applicability and reliability of
the fMRI task and meaningfulness of the results in a mul-
ticenter set-up, our next aim was to define how these find-
ings relate to patients’ cognitive status. To do this, we
performed two different analyses, which yielded very sim-
ilar results. In the first one, patients were dichotomized
according to the presence/absence of cognitive impair-
ment as defined by established criteria [Lazeron et al.,
2005; Portaccio et al., 2009]. The second was an analysis of
correlation between fMRI activity and global cognitive
Z-score. Both these analyses revealed that, in MS patients,

Figure 3.

Brain regions showing significantly different fMRI activations with

increasing N-back task difficulty in cognitively impaired (CI) and

cognitively preserved (CP) patients with multiple sclerosis (MS)

vs. healthy controls (HC): (A) HC vs. CP MS patients; (B) CP

MS patients vs. HC; (C) HC vs. CI MS patients; (D) CP vs. CI

MS patients; (E) HC and CP MS vs. CI MS patients (conjunction

analysis); (F) CP MS vs. CI MS patients and HC (conjunction

analysis). Images are in neurological convention. Abbreviations:

IPL, inferior parietal lobule; SPL, superior parietal lobule; PcG,

precentral gyrus; IFG, inferior frontal gyrus; MFG, middle frontal

gyrus; DL-PFC, dorsolateral prefrontal cortex; SMA, supplemen-

tary motor area; ACC, anterior cingulate cortex.
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better cognitive performance was associated with an
increased recruitment, during the N-back load condition,
of the right DL-PFC. At present, the role of right DL-PFC
activity in mediating cognitive performance is largely
debated since available studies in MS and in other condi-
tions such as traumatic brain injury demonstrated varied
and sometimes conflicting results [Hillary, 2008; Hillary
et al., 2006]. Many factors are likely to contribute to dis-
crepancies among studies, including clinical characteristics
of the patients enrolled, measures of performance ana-
lyzed (accuracy vs. RT) and additional variables possibly
related to both task performance and fMRI activity (e.g.,
lesions, normal-appearing white matter damage, etc.). In
patients with MS, several lines of evidence support the
role of this region in contributing favorably to cognitive
outcomes. Increased activation and/or connectivity of the
right DL-PFC has been described in patients with clinically
isolated syndromes suggestive of MS [Au Duong et al.,
2005], early RRMS [Staffen et al., 2002] and nondisabling
MS [Colorado et al., 2012] without overt cognitive deficits,
suggesting that this might represent an adaptive mecha-
nism which contributes to limiting disease clinical mani-

festations due to underlying structural brain damage. In
line with this, a relatively preserved cortical plasticity has
been found in patients with benign MS [Rocca et al., 2012;
Rocca et al., 2009], and not in those with secondary pro-
gressive MS [Rocca et al., 2012]. Of note, a few longitudi-
nal studies have suggested that an altered recruitment of
the right DL-PFC is associated with improved cognitive
performance in observational studies [Audoin et al., 2008]
as well as following pharmacological treatment [Cader
et al., 2009; Parry et al., 2003] and cognitive rehabilitation
[Filippi et al., 2012; Parisi et al., 2012].

Patients with global cognitive impairment experienced
reduced activations, with increasing N-back load, of the
left prefrontal gyrus, left SMA and right insula, as well as
less deactivation of regions which are part of the DMN,
including the PCC and lingual gyrus. A reduced capability
to modulate the deactivation of the DMN with increasing
task complexity has been demonstrated in several neuro-
logical and psychiatric conditions, such as fragile-X syn-
drome [Menon et al., 2004], bipolar disorders [Kronhaus
et al., 2006], mild cognitive impairment (MCI) [Celone
et al., 2006], and also MS [Amann et al., 2011; Loitfelder

Figure 4.

Brain regions showing significantly different fMRI deactivations

with increasing N-back task difficulty in cognitively impaired (CI)

patients with multiple sclerosis (MS) vs. the other study groups:

(A) CI MS patients vs. healthy controls (HC); (B) CI vs. cogni-

tively preserved (CP) MS patients; (C) CI MS vs. CP MS patients

and HC (conjunction analysis). Images are in neurological con-

vention. Abbreviations: MCC, middle cingulate cortex; PCC,

posterior cingulate cortex; STG, superior temporal gyrus; PHG,

parahippocampal gyrus; Sup TP, superior temporal pole.
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et al., 2011; Morgen et al., 2007]. A considerable body of
evidence supports the notion that such a deficit of DMN
modulation might represent a maladaptive mechanism
contributing to the clinical manifestations of the disease
[Anticevic et al., 2012]. For instance, patients with Alzhei-

mer’s disease and MCI with more severe memory deficits
have a failure of DMN deactivation when compared to
less-impaired MCI patients [Celone et al., 2006].

The assessment and interpretation of active cognitive
fMRI tasks in patients with cognitive impairment may be

TABLE V. Brain regions showing significant differences of fMRI activations/deactivations during the N-back load con-

dition between cognitively preserved (CP), cognitively impaired (CI) multiple sclerosis (MS) patients and healthy

controls (full factorial model adjusted for age and site effect, P < 0.001 uncorrected)

Tasks Contrasts Brain regions Side BA
MNI space
coordinates

Cluster
extents k T values

N-back load
activation

Healthy controls>CP MS patients DL-PFC L 46 232 46 34 10 3.4
CP MS patients>healthy controls DL-PFC R 9 40 16 48 27 3.6
Healthy controls>CI MS patients IPL* L 40 238 246 48 761 4.9

SPL* L 7 226 268 48 4.0
IPL* R 40 40 242 46 303 4.6
Precentral gyrus* L 6 246 2 36 456 4.0
IFG* L 44 250 10 16 3.9
Insula L 47 236 22 24 128 4.1
Insula R 47 36 24 24 226 4.6
SPL R 7 28 262 54 222 4.0
ACC L 32 24 10 58 30 3.7
DL-PFC L 46 234 46 32 27 3.4

CP>CI MS patients DL-PFC* R 9 44 8 48 574 4.5
MFG* L 6 236 4 52 331 3.8
ACC* L 32 28 10 58 4.0
SMA* L 6 28 6 60 3.7

Healthy controls & CP
>CI MS patients

Precentral
gyrus

L 6 244 6 50 31 3.5

(conjunction analysis) SMA L 6 26 8 58 14 3.5
Insula R 47 36 22 26 10 3.3

CP>CI MS patients & healthy controls
(conjunction analysis)

DL-PFC R 9 40 16 48 27 3.6

N-back load
deactivation

CI MS patients>healthy controls Precuneus/PCC* L 23 24 246 30 555 4.0
(CI patients less deactivation) Precuneus/PCC* R 23 8 256 28 3.9

MCC* L 4 26 234 52 529 4.5
PHG* L 30 226 234 212 427 4.5
PHG* R 30 26 218 224 369 4.4
MTG L 20 250 6 234 134 4.1
Fusiform gyrus R 19 28 264 26 141 4.0
STG L 48 248 222 14 68 3.9
Angular gyrus L 39 252 266 26 64 3.8

CI>CP MS patients Lingual gyrus* L 19 218 252 24 552 4.5
(CI patients less deactivation) Lingual/Fusiform gyrus R 19 26 262 26 201 3.9

Sup TP R 38 56 6 26 110 4.1
STG L 48 238 214 24 155 3.9
PCC R 23/31 2 240 36 72 3.6
STG R 41 58 232 4 52 3.6

CI MS patients>healthy controls & CP
MS patients (conjunction analysis)

PCC L 5 28 238 50 31 3.4
PCC R 23 0 242 32 22 3.4

(CI patients less deactivation) Lingual gyrus/PHG L 27/30 224 236 214 143 4.2
Lingual gyrus R 19 28264 26 81 3.8

L, left, R, right; BA, Brodmann area; DL-PFC, dorsolateral prefrontal cortex; IPL, inferior parietal lobule; SPL, superior parietal lobule;
IFG, inferior frontal gyrus; SMA, supplementary motor area; ACC, anterior cingulate cortex; PCC, posterior cingulate cortex; MCC, mid-
dle cingulate cortex; PHG, parahippocampal gyrus; MTG, middle temporal gyrus; STG, superior temporal gyrus; Sup TP, superior tem-
poral pole.
*P< 0.05, family-wise error corrected for multiple comparisons.
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challenging and might be influenced by a worse task per-
formance in patients vs. controls. Indeed, compared to
HC, our MS patients showed a higher number of errors
during N-back performance, with similar RTs. To avoid
such an impact, the analysis of resting state (RS) brain
functional connectivity has been proposed as a valid alter-
native to active fMRI investigations, particularly in clini-
cally impaired populations [Raichle and Snyder, 2007]. In
line with this, previous RS fMRI studies in MS have mark-
edly contributed to improve our understanding of the role
of brain functional reorganization in patients with severe
clinical and/or cognitive impairment by showing that a
reduced functional connectivity of anterior regions of the
brain, mostly located in the frontal lobes [Bonavita et al.,

2011; Rocca et al., 2010b], is related not only to the severity
of CI, but also to structural disruption of connecting white
matter tracts [Rocca et al., 2010b]. Despite this, we pre-
ferred to apply an active paradigm in this study because
there might be some mechanisms related to cognitive func-
tion which are likely not captured properly by the use of a
nonactive/resting paradigm. Specifically, previous studies
have suggested that patients with MS might have a limited
cognitive functional reserve, that is, the ability to match
brain activity to increasing cognitive demand [Amann
et al., 2011; Cader et al., 2006; Loitfelder et al., 2011; Tor-
torella et al., 2013]. Such an impaired functional reserve is
present across all stages of the disease, including patients
with clinically isolated syndrome [Tortorella et al., 2013],

TABLE VI. Brain regions showing significant correlations between fMRI activations/deactivations during the N-back

load condition with clinical, conventional MRI and neuropsychological characteristics of MS patients (multiple

regression models adjusted for age and site effect, P < 0.001 uncorrected)

Variables

N-back load activations N-back load deactivations

Brain regions r Brain regions r

Accuracy (% of correct responses) L DL-PFC* 0.60 L PHG 20.60
L SMA/ACC 0.54 L lingual gyrus 20.58
R MFG 0.59 R PHG 20.56
R IFG 0.57
R SPL 0.54

Reaction time R IPL 20.62 L precuneus/PCC 0.52
L IPL 20.57

Disease duration R DL-PFC 20.57 — —
L DL-PFC 20.57

T2 LV R ACC 20.61 — —
T1 LV R ACC 20.61 — —
Global cognitive Z-score R precentral gyrus/SFG* 0.67 L precuneus/PCC* 20.63

R SMA 0.65 R precuneus 20.59
L ACC 0.45 R STG 20.62
L IFG 0.59 L lingual gyrus/PHG 20.50
R insula 0.58
R DL-PFC 0.56

Z-score of attention functions R precentral gyrus/SFG* 0.67 — —
L IFG 0.57
R IFG 0.55

Z-score of visual memory R MFG 0.63 L precuneus/MCC* 20.65
R IPL 0.48 L STG 20.62

R STG 20.55
Z-score of verbal memory — — L MOG 20.61
Z-score of fluency — — R angular gyrus 20.57
WCSTte L DL-PFC 0.44 — —

L postcentral gyrus 0.48
WCSTpe L DL-PFC 0.45 — —

L postcentral gyrus 0.47
WCSTpr L DL-PFC 0.49 — —

L paracentral lobule* 0.49
R paracentral lobule 0.43

LV, lesion volume; L, left; R, right; DL-PFC, dorsolateral prefrontal cortex; ACC, anterior cingulate cortex; SFG, superior frontal gyrus;
MFG, middle frontal gyrus; IFG, inferior frontal gyrus; SMA, supplementary motor area; PCC, posterior cingulate cortex; STG, superior
temporal gyrus; MOG, middle occipital gyrus; PHG, parahippocampal gyrus; SPL, superior parietal lobule.
*P< 0.05 family-wise error corrected for multiple comparisons.
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even if it is more pronounced in patients with the progres-
sive forms of the disease [Loitfelder et al., 2011]. Therefore,
the use of tasks with graded difficulty offers a parametric
approach to test the ability of brain regions to increase/
decrease activity with increasing task demand and might
ultimately allow detection of subtle abnormalities of brain
function, similar to those we found in CP and CI MS
patients.

Our study has two collateral findings which deserve a
brief discussion. First, as expected, in line with the specific
role played by cognitive-related regions in selected aspects
of cognitive processes, the analysis of correlation showed
that deficits at selected cognitive domains were related to
abnormalities of function of specific brain regions during
the N-back load conditions. For instance, impaired WCST
performance, which assesses higher executive abilities, were
related to abnormal recruitment of regions mostly located in
the frontal lobes. This suggests that the task we used might
also be useful for investigating the rewiring of cognitive net-
works in patients with deficits in single cognitive domains.
Second, in line with many previous studies, we found a cor-
relation between fMRI abnormalities and measures of struc-
tural damage (T2 and T1 LV), which further support the
notion that, at least until a certain level, functional plasticity
might have an adaptive role and contribute to limit the clini-
cal consequences of disease-related damage.
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