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Abstract To better understand the effects of short-term
computer-based cognitive rehabilitation (cCR) on cognitive performances and default mode network (DMN)
intrinsic functional connectivity (FC) in cognitively
impaired relapsing remitting (RR) multiple sclerosis (MS)
patients. Eighteen cognitively impaired RRMS patients
underwent neuropsychological evaluation by the Rao’s
brief repeatable battery and resting-state functional magnetic resonance imaging to evaluate FC of the DMN before
and after a short-term (8 weeks, twice a week) cCR. A
control group of 14 cognitively impaired RRMS patients
was assigned to an aspecific cognitive training (aCT), and
underwent the same study protocol. Correlations between
DMN and cognitive performances were also tested. After
cCR, there was a significant improvement of the following
tests: SDMT (p \ 0.01), PASAT 300 (p \ 0.00), PASAT 200
(p \ 0.03), SRT-D (p \ 0.02), and 10/36 SPART-D
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(p \ 0.04); as well as a significant increase of the FC of the
DMN in the posterior cingulate cortex (PCC) and bilateral
inferior parietal cortex (IPC). After cCR, a significant
negative correlation between Stroop Color–Word Interference Test and FC in the PCC emerged. After aCT, the
control group did not show any significant effect either on
FC or neuropsychological tests. No significant differences
were found in brain volumes and lesion load in both groups
when comparing data acquired at baseline and after cCR or
aCT. In cognitively impaired RRMS patients, cCR
improves cognitive performances (i.e., processing speed
and visual and verbal sustained memory), and increases FC
in the PCC and IPC of the DMN. This exploratory study
suggests that cCR may induce adaptive cortical reorganization favoring better cognitive performances, thus
strengthening the value of cognitive exercise in the general
perspective of building either cognitive or brain reserve.
Keywords Resting-state magnetic resonance imaging 
Multiple sclerosis  Cognitive impairment  Cognitive
rehabilitation

Introduction
Cognitive impairment (CI) is frequently reported in multiple sclerosis (MS) occurring in 40–65 % of patients
during the disease course [1]. CI may start early, may be
independent of physical disability and may worsen over
time [1]. The most frequent deficits are found in processing
speed, working memory, new learning, and visual and
verbal memory [2].
Cognitive impairment has been associated with different
magnetic resonance imaging (MRI) measures of brain tissue damage such as T2 lesion load (T2-LL) [3], whole
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brain [4], ventricular [5], and cortical [5, 6] volume, corpus
callosum size [7] and cortical lesions [8].
Disease modifying therapies approved for MS have
shown some improvements in memory, processing speed,
and sustained attention [9–11]. Cognitive rehabilitation
(CR) in MS patients has produced non-univocal results
[12–16]. Nevertheless, recent studies assessing the effect of
short-term computer-based CR (cCR) found significant
improvements in executive functions [17], verbal learning
[18], and sustained attention [19].
The efficacy of CR is supported by functional MRI
(fMRI) studies that suggested the occurrence of neuroplasticity in patients with MS [20–22]; therefore, it is
tempting to hypothesize that some of these positive effects
may result from improved functional connectivity (FC) in
the neuronal networks involved in cognition.
A unique way to explore brain FC with minimal bias
toward a specific function [23–25] is represented by resting-state fMRI (rs-fMRI). In combination with independent
component analysis (ICA) [26], rs-fMRI gathers a noninvasive method to characterize (during resting wakefulness) the spatio-temporal distribution of the spontaneous
coherent fluctuations of blood oxygenation level-dependent
signals within and between different regions throughout the
entire human brain. The most consistently and commonly
reported resting-state network is the default mode network
(DMN) that is highly relevant for human cognition under
physiological conditions [27]. This assumption has been
further reinforced by recent evidence in neurological diseases, such as Alzheimer’s disease [28] and MS [29, 30],
where DMN disruption has been associated to CI.
In the present study, we tested the effects of short-term
cCR on cognitive performances and DMN intrinsic FC in
cognitively impaired relapsing remitting (RR) MS patients;
moreover, we evaluated the correlations between rs-fMRI
data and cognitive performances to better understand the
pathophysiology of CI in MS.

steroid therapy for at least 3 months prior to the study;
absence of significant fatigue (score on the Fatigue
Severity Scale \36) [32], and depression (score on the
Chicago Multiscale Depression Inventory \89) [33];
absence of previous head trauma and claustrophobia.
Patients taking psychoactive drugs or substances that might
interfere with neuropsychological evaluation (NPE) and rsfMRI were excluded. The study was approved by the local
Ethical Committee and a signed informed consent was
obtained by all participants.
All patients underwent a neurological evaluation,
including assessment of disability by the expanded disability status scale (EDSS) [34] and NPE within the same
day of MRI scans. The NPE was performed using the Rao’s
Brief Repeatable Battery (BRB) [35], which incorporates
tests of verbal memory acquisition and delayed recall
[Selective Reminding Test (SRT) and SRT-delayed recall
(SRT-D)]; visuo-spatial memory acquisition and delayed
recall [10/36 Spatial Recall Test (10/36-SPART) and
10/36-SPART-delayed recall (10/36-SPART-D)]; concentration, sustained attention, and information processing
speed [Paced Auditory Serial Addition Test at 3 (PASAT300 ) and 2 (PASAT200 ) seconds; Symbol Digit Modalities Test (SDMT)]; and verbal fluency on semantic
stimulus [Word List Generation (WLG)]. To avoid the
training effect, version A of the BRB was used at baseline
and version B after cCR and aCT (i.e., within a week from
the end of cCR or aCT). Moreover, we added the Stroop
Color–Word Interference Test (SCWIT) to better investigate the executive functions. Raw scores of each single test
were first corrected and then converted to Z scores using
normative data for the Italian population [36, 37]. Test
failure was defined as a Z score \ -2. Patients were recognized as cognitively impaired when they failed at least
two tests of the NPE (BRB ? SCWIT) [19]. MRI examination was performed 30 min after NPE at baseline and
after the cCR or aCT.
Treatment

Subjects and methods
The study sample consisted of 32 cognitively impaired
RRMS patients according to the revised McDonald criteria
[31], subdivided in two age, education, and sex-matched
groups. The first group consisted of 18 patients assigned to
a cCR program; the second group consisted of 14 MS
patients assigned to an aspecific cognitive training (aCT)
consisting in reading a newspaper for about 30 min, twice a
week and then explaining the content of the read article to a
resident in neurology. The aCT group served as control
arm. MS patients were selected from those attending our
outpatient clinic according to the following inclusion criteria: age \60, right-handedness; absence of relapses and
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Computer-based cognitive rehabilitation was performed
under the supervision of an experienced neuropsychologist
who checked for compliance and adherence. All patients
received a cCR for 8 weeks, twice a week for 50 min at a
time. The training program, as a software part of the RehaCom package (www.Schuhfried.at), included: ‘‘attention
and concentration’’, ‘‘plan a day’’, ‘‘divided attention’’,
‘‘reaction behavior’’, and ‘‘logical thinking’’ sessions. This
software is broadly used for cCR in several neurological
disorders, including MS [16]. The hardware has a special
keyboard with large buttons, which limits the interference
of motor and coordination impairment and expertise on
computer use.
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The control arm received a placebo intervention, which
consisted of reading a newspaper twice a week for 30 min
and then explaining the content of the read article to a
resident in neurology.
MRI scanning protocol
Magnetic resonance imaging datasets were acquired on a
3-T GE Medical System (GE Healthcare, Milwaukee, MI,
USA) scanner equipped with an 8-channel parallel head
coil. For the measurement of T2-LL, the following
sequences were acquired: fast spin echo (FSE) dual-echo
(DP-T2) (TR = 3,080, TE1 = 24 ms, TE2 = 120 ms,
axial slices = 88, matrix = 256 9 384, field of view =
240 mm, thickness = 3 mm, interslice gap = 0 mm) and
T2-FLAIR (TR = 9,000, TE = 1,200, TI = 2,500, axial
slices = 44, matrix = 224 9 448, field of view =
240 mm, thickness = 3 mm, interslice gap = 0 mm).
Functional MRI data consisted of 240 volumes of a
repeated gradient-echo echo planar imaging (EPI) T2*weighted sequence (TR = 1,508 ms, axial slices = 29,
matrix = 64 9 64, field of view = 256 mm, thickness = 4 mm, interslice gap = 0 mm). During the functional scan, subjects were asked to simply stay
motionless, awake and relaxed, and to keep their eyes
closed; no visual or auditory stimuli were presented at any
time during functional scanning. Three-dimensional, highresolution T1-weighted (3D-T1) sagittal images (GE
sequence IR-FSPGR, TR = 6,988 ms, TI = 1,100 ms,
TE = 3.9 ms, flip angle = 10, voxel size = 1 mm 9
1 mm 9 1.2 mm) were acquired in the same session to
secure high-resolution spatial references for registration
and normalization of the functional images, as well as for
atrophy measures.
rs-fMRI analysis
Standard image data preparation and pre-processing, statistical analysis, and visualization were performed with the
software BrainVoyager QX (Brain Innovation BV, Maastricht, The Netherlands). Structural and functional data
were spatially transformed into the Talairach standard
space using a 12-parameter affine transformation. Singlesubject and group-level ICA were carried out on the preprocessed functional time series using two plug-in extensions of BrainVoyager QX, implementing the fastICA
algorithm [38] and the self-organizing group-level ICA
algorithm, respectively [26]. For each subject and each
session, 40 independent components, corresponding to onesixth of the number of time points [24], were extracted. All
single-session component maps from all subjects and sessions were then ‘clustered’ at the group level, resulting in
40 group clusters. From each cluster, single-group maps

were visually inspected for recognition of the main physiological resting-state components [39, 40] and, in particular, the DMN component. The sign-adjusted ICA
components of all subjects were then submitted to a second-level, multi-subject random effects two-way analysis
of variance (ANOVA) that treated the individual subject
map values as random observations at each voxel and
cluster membership and session as two within-subject
factors with, respectively, 40 levels (corresponding to 40
group components) and 2 levels (corresponding to the two
sessions before and after cCR or aCT) [41]. From the twoway ANOVA, single-cluster contrasts were used to analyze
the whole-brain distribution of the DMN component, and
the resulting t-maps were thresholded at p = 0.05 (Bonferroni corrected over the entire brain). From this map, an
inclusive mask was created and used to define the search
volume for within-network, two-session comparisons. To
correct the resulting t-maps for multiple comparisons,
regional effects within the search volume were considered
significant only for compact clusters after the joint application of a voxel- and a cluster-level threshold. The clusterlevel threshold was estimated non-parametrically with a
randomization approach: starting from an initial (uncorrected) threshold of p = 0.05 applied to all voxels, a
minimum cluster size was calculated that protected against
false positive clusters at 5 % after 500 Monte Carlo simulations [42].
Brain atrophy measurement
To reduce the influence of WM lesions in the measurement
of brain volumes, the lesion filling tool of the FMRIB
Software Library (FSL) (http://www.fmrib. ox.ac.uk/fsl)
was used on 3D T1 datasets [43]. The estimation of brain
atrophy was obtained on lesion-filled 3D T1 images, by
means of the tool of FSL, SIENA. In the current study, the
cross-sectional version of this tool (SIENAX) was used at
baseline and the brain parenchymal fraction (BPF), which
is the ratio of brain parenchymal volume to intracranial
volume, was computed. At follow-up, the SIENA version,
calculating the percentage of brain volume change
(PBVC), was used [44].
T2-LL measurement
Hyperintense T2 lesions were first identified on FSE dualecho images by a single observer (AdA) blinded to the
patients’ clinical characteristics using the T2-FLAIR images as further reference. T2 lesion contours were transferred on electronic MRI data by means of a semiautomatic method implemented in the Medical Image
Processing, Analysis and Visualization application (MIPAV version 4.2.2; http://mipav.cit.nih.gov/).The same
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software was used to compute the global T2-LL for each
subject.

modulation of a given voxel by a specific ICA component,
and hence reflect the amplitude of the correlated fluctuations within the corresponding FC network.

Statistical analysis
Continuous variables were described as mean and standard
deviation. A descriptive statistic for the collected data was
performed to determine the distributions of demographic,
clinical, and cognitive variables. Differences in neuropsychological tests before and after cCR and aCT were evaluated by paired t test and each test performance was
evaluated referring to the score corrected for age, education, and gender, as previously described [36, 37].
T2-LL at baseline and follow-up was compared using
the Student’s t test.
Individual ICA Z scores were extracted from DMN
regions identified in the above analyses and used in an
analysis of covariance (ANCOVA) with NPE test results
before and after cCR and aCT as continuous variable and
session as categorical variables; a p value \0.05 was
considered significant. ICA Z scores express the relative

Table 1 Clinical and demographic characteristics of RRMS patients
who underwent cCR and aCT
RRMS-cCR

RRMS-aCT

n

18

14

Age (mean ± SD; range)

49 ± 8;
35–60

46 ± 12;
31–58

Sex ratio, M:F

0:18

1:13

Education (mean ± SD) (years)

11 ± 4

12 ± 3

22 ± 8

21 ± 8

EDSS (mean ± SD; range)

5 ± 1;
2.5–6.0

4 ± 2; 3.0–6.0

RRMS relapsing remitting multiple sclerosis, cCR computer-aided
cognitive rehabilitation, aCT aspecific cognitive training, EDSS
expanded disability status scale

For neuropsychological tests
abbreviations see text.
Statistically significant p values
are in bold
RRMS relapsing remitting
multiple sclerosis, SD standard
deviation, cCR computer-aided
cognitive rehabilitation
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Clinical and demographic characteristics of the two RRMS
group of patients are reported in Table 1. Tables 2 and 3
report results (mean ± SD), respectively, of the cCR and
aCT group, at baseline and at follow-up, for each test of
NPE. After cCR significantly improved performances were
found at the SDMT (p \ 0.01), PASAT 300 (p \ 0.00),
PASAT 200 (p \ 0.03), SRT-D (p \ 0.02), 10/36 SPART-D
(p \ 0.04). No significant differences between baseline and
post-aCT were observed in the control arm.
No new T2 lesions were detected in any patient during
the study period. LL was not significantly different before
(18,215 ± 16,964 ml) and after cCR (19,315 ± 17,913 ml)
(p = 0.88) or aCT (before 16,578 ± 17,558 ml: after
16,678 ± 17,562 ml) (p = 0.97). In the cCR group, baseline BPF was 0.96 and PBVC, over 8 weeks, as measured
by SIENA, was -0.06 %, which is in line with the annual
range reported for MS patients [45]. No significant differences in LL and PBVC were detected between the two
groups of patients either at baseline or at follow-up.
rs-fMRI results

Disease duration (years)
(mean ± SD)

Table 2 Corrected score
(mean ± SD) of
neuropsychological tests before
and after cCR

Results

By visually inspecting each group ICA component, we
could uniquely identify the DMN as already reported and
described, with identical or similar methodology, in previous studies [39, 46].
The DMN component distribution was characterized by
four regions of strong co-activation surviving the random
effects whole-brain threshold of p = 0.05 (Bonferroni
corrected). Based on average anatomy, these regions
included part of the posterior cingulate cortex (PCC),

RRMS before cCR
(no. 18) (corrected
score: mean ± SD)

RRMS after cCR (no. 18)
(corrected score:
mean ± SD)

RRMS before vs.
RRMS after cCR
p value

LTS

37.44 ± 3.82

39.42 ± 10.97

0.69

CLTR

25.05 ± 1.09

29.08 ± 8.36

0.26

10/36 SPART

13.98 ± 3.09

16.81 ± 5.14

0.07

SDMT

23.45 ± 4.22

28.22 ± 7.99

0.01

PASAT 300

30.62 ± 9.41

40.00 ± 7.76

0.00

PASAT 200

20.85 ± 3.54

24.42 ± 6.11

0.03

6.87 ± 1.27

8.17 ± 1.77

0.02

SRT-D
10/36 SPART-D
WLG
SCWIT

4.13 ± 1.50

5.65 ± 2.35

0.04

17.11 ± 4.24

16.84 ± 2.82

0.85

100.46 ± 0.53

89.66 ± 28.42

0.10

J Neurol
Table 3 Corrected score
(mean ± SD) of
neuropsychological tests before
and after aCT

RRMS before aCT
(no. 14) (corrected
score: mean ± SD)

RRMS relapsing remitting
multiple sclerosis, aCT aspecific
cognitive training, SD standard
deviation

RRMS before vs
RRMS after aCT
p value

LTS

31.21 ± 13.83

29.82 ± 11.46

0.83

CLTR

21.46 ± 12.34

21.87 ± 11.19

0.94

10/36 SPART

17.13 ± 3.14

19.23 ± 5.74

0.31

SDMT

32.08 ± 17.01

30.87 ± 12.72

0.87

30.46 ± 12.50

38.95 ± 7.98

0.13

22.47 ± 6.12

29.85 ± 8.26

0.06

5.53 ± 1.55
5.82 ± 2.20

6.42 ± 1.50
6.75 ± 2.70

0.24
0.42

PASAT 300
For neuropsychological tests
abbreviations see text

RRMS after aCT (no. 14)
(corrected score:
mean ± SD)

PASAT 2

00

SRT-D
10/36 SPART-D
WLG

18.92 ± 5.32

17.98 ± 3.54

0.69

SCWIT

89.58 ± 33.59

96.96 ± 44.89

0.70

Fig. 1 DMN in RRMS patients before and after cognitive rehabilitation: main effects. DMN component group maps in RRMS patients
with statistically significant main effects (p = 0.05, Bonferroni

corrected) before (a) and after (b) computer-aided cognitive rehabilitation overlaid on three orthogonal slices of the averaged normalized
anatomy

extending dorsally into the precuneus along the midline,
two bilateral sites in the inferior parietal cortex (L- and
R-IPC) at the occipito-parietal junctions and part of the
anterior cingulate cortex (ACC).
Statistically significant effects were found in these
regions in our groups of RRMS patients, both at baseline
and follow-up (Fig. 1); however, DMN connectivity distribution was significantly different in the comparison
between follow-up (after cCR) and baseline (before cCR)
in the posterior nodes (PCC and bilateral IPC), with more

coherent fluctuations observed both at the periphery of
the PCC and in the parieto-occipital regions (located in
the precuneus and R-IPC) of the DMN (Fig. 2a). The
control group did not show similar effects. Moreover,
considering the mean ICA Z score of all clusters in the
posterior node, there was no similar increase in the
control group like in the experimental group (see
Fig. 2b).
A significant negative correlation between SCWIT and
FC emerged only after cCR (p \ 0.05).
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Fig. 2 DMN in RRMS patients before and after cognitive rehabilitation: differential effects. a Statistical comparison (after vs. before
computer-aided cognitive rehabilitation) maps in RRMS patients with
clusters of significant differential activity (p = 0.05, cluster-level

corrected) overlaid on three orthogonal slices of the averaged
normalized anatomy. b Bar graph with the mean ICA Z score of all
clusters in the posterior node calculated in both experimental scans
for rehabilitated and non-rehabilitated RRMS patients

Discussion

conditions [27]. Recently, fMRI and rs-fMRI studies have
been performed in MS patients to assess changes in brain
FC after cCR.
Penner et al. [54] using a computerized attention software and fMRI (while performing an alertness task)
investigated different attention functions in mildly and
severely cognitively impaired MS patients to determine
whether, after a computerized training on selective attention, there was a significant improvement in cognitive
performance. When comparing pre- and post-training fMRI
results, it became evident that, in both groups of patients,
three attention-related structures were activated in addition:
the PCC, the precuneus and the dorsal frontal gyrus. As a
clear increase in behavioral performance could be verified,
the authors concluded that training caused recruitment of
specific attentional areas that finally resulted in behavioral
improvement.
Filippi et al. [20] studied by fMRI and rs-fMRI 20
RRMS patients (10 underwent cCR and 10 did not perform
any cognitive training) with poor performance in PASAT
and Wisconsin Card Sorting Test (WCST). The authors
demonstrated that only in the group receiving cCR, there
was an increase over time in resting-state FC, respectively,

Cognitive impairment frequently occurs during the course
of MS [1]. In patients with MS, the severity of cognitive
deficits is partially related to indices of structural brain
damage on both conventional and non-conventional MRI
[3–8]; therefore, it is conceivable that brain ability to
compensate for tissue impairment or loss may contribute to
the maintenance of normal performance despite scattered
brain lesions and volume loss. Changes in functional
organization of the cerebral cortex have been reported by
fMRI studies comparing the activation patterns during
cognitive tasks in patients with MS and in healthy subjects
[47–51]. Therefore, fMRI studies provide a sensitive
approach to understand functional reorganization in
response to MS pathology, and might be useful in the study
of the effects of either rehabilitation or pharmacological
agents on brain plasticity as shown in other contexts or
pathologies [52, 53]. rs-fMRI is a task-free approach that
allows to explore FC with minimal bias toward a specific
function [23, 24]. The most consistently and commonly
reported resting-state network is the DMN that is highly
relevant for human cognition under physiological
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in the right PCC and inferior parietal lobule of DMN, in the
salience processing network (ACC) and in the executive
function network (left dorso-lateral prefrontal cortex).
Moreover, changes in resting-state fluctuations were correlated with improvements of PASAT and WCST performance, but only when the entire group of patients,
including the control group, was considered. In the same
group of patients, voxel-wise changes of ACC resting-state
FC were assessed [55] and showed that cCR of attention
and executive functions was associated with changes of
resting-state FC of the ACC, as reflected by an increased
FC between this structure and regions of the frontal and
parietal lobes in the treated group. The same group performed a follow-up study in nine patients who followed a
12-weeks program of cCR; 6 months after the end of the
cognitive training, they found that resting-state FC changes
in the DMN evaluated immediately after cCR, predicted
cognitive performance at 6 months, thus helping in
explaining the persistence of the effect of cCR [56]. Cerasa
et al. [57] investigated MS patients with attention deficits
by fMRI during the execution of a cognitive task (visual
version of PASAT). The comparison of fMRI data of the
rehabilitated group with those of the control group (who
underwent a placebo intervention), showed significant
effects both at a phenotypic (i.e., clinical) and at an intermediate phenotypic (i.e., FC as assessed by fMRI) level.
Indeed, after cCR, the experimental group, in comparison
with the control group, showed a specific enhanced performance in attention abilities as assessed by the Stroop
task, which was associated with increased activity in the
posterior cerebellar lobule and in the superior parietal
lobule. The authors concluded that intensive tailored cCR
affects neural plasticity and improves some aspects of
cognitive deficits in MS patients.
Leavitt et al. [58], after a 10-session behavioral treatment targeting learning and memory impairment in MS
patients, found a significant increase of FC between left
hippocampus and cortical regions (left insula, right parahippocampal gyrus, right insula, precentral gyrus, postcentral gyrus) involved in memory for visual imagery. This
study, with a seed-based approach, placing seeds in left and
right hippocampus and in the PCC, is, to our knowledge,
the only one targeting memory impairment.
All the above-mentioned studies provided evidences of
cortical reorganization after cognitive (either computer- or
behaviorally based) rehabilitation. Most of the previous
studies [20, 54–57] focused on patients with attention deficits. In some cases, an intense (3 times per week) rehabilitative protocol was applied, although the number of training
sessions was limited to two [55, 56]; in other ones, the group
of patients was rather small and heterogeneous [58].
Owing to the variability in selection of clinical phenotypes and the use of non-standardized training tools, there

is not yet a validated CR protocol for cognitively impaired
MS patients.
In the present study, we selected cognitively impaired
patients independently of the affected cognitive domain
and applied a thorough rehabilitation program. We mainly
trained attentive function and information processing
speed, firstly because these are the two most commonly
affected cognitive domains in MS, and secondly because it
is now accepted that memory difficulties are due to inadequate acquisition secondary to information processing
insufficiency [59]. Moreover, to have a sample of patients
as homogeneous as possible, we enrolled only RRMS
patients. In our patients, cCR was followed by a significant
improvement in attention, processing speed, visual and
verbal memory performances. In our sample of patients,
the most frequently failed tests were the SDMT and the
SCWIT, therefore it is not surprising that after cCR we
noticed a statistically significant improvement in the
SDMT; on the other hand, the absence of a significant
improvement in the SCWIT may be justified by the scanty
rehabilitation of executive functions. These findings are
partly expected, since we trained attentive functions, but
the improvement in delayed visual and verbal memory was
unexpected. In particular, delayed verbal and visuo-spatial
memory was only minimally affected in our group of
patients. In contrast to previous studies based on the use of
the Rehacom software (www.Schuhfried.at), we applied a
five-session protocol, centered in ‘‘logical thinking’’,
‘‘attention and concentration’’, ‘‘reaction behavior’’, ‘‘plan
a day’’, and ‘‘divided attention’’; this more extended program, probably, allowed a better training of attentive
functions and processing speed. It has also been reported
that there is a tight influence of levels of processing both on
recall from working memory and delayed recall tasks [60].
Moreover, it is now accepted that memory dysfunction in
MS depends on slow processing speed, susceptibility to
interference (i.e., difficulty disregarding irrelevant stimuli),
executive dysfunction, and perceptual deficits [4]. Therefore, it seems that even a performance in the range of
normality (as seen in our patients) may be improved by
cCR suggesting that a cognitive rehabilitation program
may have a favorable impact even on intact cognitive
domains.
With respect to rs-fMRI results, we did not find any
significant change in the ACC after cCR. Previous studies
[20, 55, 56] showed an increased FC of the ACC component of the salience processing network after cCR. With the
seed approach, after cCR, increased connectivity of the
ACC was found with the medial frontal gyrus and inferior
parietal lobule [55]. It is noteworthy the fact that, compared
to Filippi et al. [20], our sample of MS subjects has a
longer disease duration and a higher level of disability
suggesting that the possibility of enhancing neural
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connections (in the ACC) may be hampered by structural
damage likely being larger in patients with a longer disease
duration.
Consistently with our previous study [29], statistically
significant sites in the PCC and the ACC and, bilaterally, in
the IPC were identified in our sample of RRMS patients
either at baseline (before cCR) or at follow-up (after cCR).
After the 8-week cCR program, DMN changes mainly
involved the posterior node (precuneus and R-IPC) of
DMN; this is in agreement with previous findings [29]
showing a stronger and more expanded FC toward the
peripheral regions of the posterior node in MS patients
cognitively preserved as compared to cognitively impaired
ones. It may be assumed that better neuropsychological
performances, either in cognitively preserved or in rehabilitated patients, are associated with a wider intrinsic FC
of the PCC. On the other hand, we lacked to find a significant correlation between improved tests after cCR and
FC in the posterior node while the only significant correlation was found between the SWCIT and PCC. On this
regard, we believe that this correlation is not clinically
relevant since the SWCIT did not improve after cCR but
we can not exclude that increasing the frequency and
duration of the cCR program may overcome this clinicalradiological mismatch. These findings are discordant with
those from Filippi et al. [20] who found a significant correlation between resting-state fluctuations and improved
performances after rehabilitation in PASAT and WCST.
However, this correlation was significant only when the
entire group of patients was considered and disappeared
when the control group in isolation was considered, suggesting that the correlation was actually trained by the
group effect in the data. In our study, we used an
ANCOVA approach to extract correlations without the
confound of group effects. The detected increase in the
posterior DMN FC was not significantly correlated with the
improvement in tests performances. We believe that,
although our cCR protocol included a higher number of
training sessions, it might have been too short (twice/week
vs 3 times/week, 2 months vs 3 months) to produce FC
changes relevant enough to fully explore the possible
correlation with cognitive improvement. On the other hand,
we cannot rule out that this lack of correlations depends on
the fact that the neuropsychological tests improved after
cCR are mainly linked to frontal circuitry and that the
change we see in the PCC may be driven by neural connectivity rearrangements in other networks better linked to
frontal functions (i.e., salience and executive). The absence
of significant changes of FC in the ACC may be due to the
relatively advanced phase of the disease (in terms of both
disease duration and disability) of our MS patients, so that
the residual potential of neural adaptive changes might
have been scanty.
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The main limitation of the present study was the small
sample size; therefore, we can consider the nature of the
study as exploratory and to be confirmed with larger
number of patients. Altogether our findings suggest that
cCR is useful to improve sustained attention, information
processing speed, and visual and verbal sustained memory
performance; it also increases FC in the posterior node of
the DMN (a well-recognized cognitive network) but,
probably due to the limited duration of training, no correlation between cognitive performances and brain restingstate networks rearrangements was found. We believe that
a more extensive rehabilitation program may be useful to
determine a significant improvement not only in attention,
processing speed, and sustained memory but also in
working memory performances, and that a CR program
should be initiated early in the disease course when
structural damage is not advanced and does not completely
impair brain plasticity, therefore, allowing to build up
either brain or cognitive reserve that may be protective
from cognitive decline.
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