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Abstract Multiple sclerosis (MS) is a demyelinating

disease affecting the central nervous system, frequently

associated with cognitive impairments. Damages of the

cerebellum are very common features of patients with MS,

although the impact of this clinical factor is generally

neglected. Recent evidence from our group demonstrated

that MS patients with cerebellar damages are characterized

by selective cognitive dysfunctions related to attention and

language abilities. Here, we aimed at investigating the

presence of neuroanatomical abnormalities in relapsing–

remitting MS patients with (RR-MSc) and without

(RR-MSnc) cerebellar signs. Twelve RR-MSc patients, 14

demographically, clinically, and radiologically, matched

RR-MSnc patients and 20 controls were investigated. All

patients underwent neuropsychological assessment. After

refilling of FLAIR lesions on the 3D T1-weighted images,

VBM was performed using SPM8 and DARTEL. A cor-

relation analysis was performed between VBM results and

neuropsychological variables characterizing RR-MSc

patients. Despite a similar clinical status, RR-MSc patients

were characterized by more severe cognitive damages in

attention and language domains with respect to RR-MSnc

and controls. With respect to controls, RR-MSnc patients

were characterized by a specific atrophy of the bilateral

thalami that became more widespread (including motor

cortex) in the RR-MSc group (FWE \ 0.05). However,

consistent with their well-defined neuropsychological

deficits, RR-MSc group showed atrophies in the prefrontal

and temporal cortical areas when directly compared with

RR-MSnc group. Our results demonstrated that RR-MS

patients having cerebellar signs were characterized by a

distinct neuroanatomical profile, mainly involving cortical

regions underpinning executive functions and verbal

fluency.
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Introduction

For several decades, the cerebellum has been considered to

be involved strictly in motor control. With the advent of

modern functional neuroimaging techniques, increasing

attention has been given to mapping the involvement of the

cerebellum in cognition. In fact, a broad range of studies

has demonstrated the key role of the cerebellum in: exec-

utive functions, working memory, visuo-spatial functions,

language, procedural learning and attention (for a review,

see [1]). The ‘‘cognitive profile’’ of the cerebellum is

dependent upon the existence of well-established anatom-

ical connections between this sub-cortical area and a

number of high-level cortical regions [2–6].

Clinically speaking, patients with lesions confined to the

cerebellum often present with cerebellar motor syndrome,

characterized by dysmetria, dysarthia, and ataxia. Fur-

thermore, cerebellar damage might also result in the
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well-defined ‘‘cerebellar cognitive affective syndrome’’ [6],

a complex syndrome that includes executive dysfunction,

language deficits, and impairments in spatial cognition.

Anatomically, several neuroimaging studies have provided

evidence for the existence of distinct topographical organi-

zations (anterior vs. posterior lobule) aimed at regulating the

motor and cognitive profiles of the cerebellum [7].

Multiple sclerosis (MS) is an extremely heterogeneous

neurological disorder, both at the clinical and pathological

level, characterized by motor and cognitive dysfunctions.

The vast majority of cross-sectional studies on MS-related

cognitive impairments have shown that 40–60 % of cases

have prominent deficits in memory, language, attention and

information processing speed [8, 9]. Damages to the cer-

ebellum is a very common feature of patients with MS. It

has been estimated that approximately 30 % of patients

with relapsing–remitting MS (RR-MS) present at least one

lesion within the cerebellum, while in roughly 11 % of MS

patients the motor cerebellar symptoms and signs (dys-

metria, dysarthria and ataxia) represent the predominant

clinical manifestation [10].

At this moment, whether and how cerebellar damages

impact on the cognitive profile of patients with MS still

remains unclear. Recently, we demonstrated that cognitive

impairment is more severe in patients with cerebellar

symptoms (RR-MSc) compared with patients without cer-

ebellar dysfunction (RR-MSnc) and that these deficits

belong to the domains of attention and language [11],

contributing to the view that the cerebellum is specifically

enrolled in these cognitive functions [1–6].

The investigation of MS patients with cerebellar damage

offers a unique opportunity to disentangle the contribution

of the cerebellum in brain-related cognitive dysfunctions in

MS patients. It is reasonable to assume that there is a strict

relationship between the severity of cognitive impairment

and the presence and extension of MS pathology. In the

literature, the relationship between cognitive decline and

the presence and extent of MS pathology are often elusive

[9, 12]. For this reason, determining more precisely the

intimate link between specific brain circuits and distinct

cognitive profiles may be an important advancement for

future refinements of MS diagnosis. Given these premises,

it appears important to clarify the pathophysiological role

of cerebellar damages in determining the distinct cognitive

profile of MS patients with and without cerebellar signs.

For this reason, we employed voxel-based morphometry

(VBM), a fully automated quantitative magnetic resonance

imaging (MRI) technique, extensively employed to reveal

in vivo neuropathological changes in the neurological

brain. More importantly, a different MS population with

respect to our previous studies [11, 13] has been investi-

gated in order to improve the statistical power of our

findings.

Methods

Subjects

Our sample consisted of 62 patients with RR-MS according

to McDonald and Polman criteria [14]. All subjects were

recruited from the Neurology Unit of the University

‘‘Magna Graecia’’ of Catanzaro. Patients’ inclusion criteria

were: (1) no concomitant therapy with antidepressant or

psychoactive drugs; (2) no evidence of dementia

(MMSE B 24; (3) Expanded Disability Status Scale

(EDSS) [15] score from 0 to 5; and (4) no history of psy-

chiatric problems, according to the Structured Clinical

Interview of the DSM-IV [16]. All patients were clinically

evaluated by two neurologists (RN, DP), blind to any other

result and with over 15 years of experience in MS. The

clinical assessment also included the Fatigue Severity scale

(FSS) [17].

From the initial cohort, 12 MS patients with predomi-

nant cerebellar symptoms (RR-MSc) and with evident

lesion load (as assessed by structural MRI scanning) within

the cerebellum were selected. In the RR-MSc group, the

most common manifestations were gait ataxia and dys-

metria, followed by tremor and dysdiadochokinesis and

nystagmus. These patients were matched for clinical vari-

ables with 14 MS patients without any cerebellar dys-

function (RR-MSnc). Fifty healthy volunteers with no

previous history of neurological/psychiatric diseases and

with normal MRI of the brain were matched for demo-

graphic variables with MS patients. All participants gave

written informed consent, which was approved by the

Ethical Committee of the University ‘Magna Graecia’ of

Catanzaro, according to the Helsinki Declaration.

Neuropsychological assessment

All patients completed an extensive battery of neuropsy-

chological tests [11] administered by an experienced clin-

ical neuropsychologist blinded to clinical results. The

neuropsychological tests assessed: (a) verbal memory:

immediate and delayed recall and recognition of lists of

words (IR, DR and Rec) (Rey Auditory-Verbal Learning

Test, RAVLT); (b) spatial memory: immediate and delayed

recall (IR and DR) (Rey–Osterrieth Complex Figure Test,

ROCFT); (c) visuo-spatial processing: Judgment Line

Orientation Test (JLO) and Rey–Osterrieth Complex Fig-

ure Test Copy (ROCFT Copy); (d) sustained attention and

processing speed (Symbol Digit Modalities Test) (SDMT);

(e) verbal fluency (Controlled Oral Word Association Test,

COWAT) and (f) abstract/conceptual reasoning (Modified

Card Sorting Test Categories Achieved and Perseverative

Errors, MCST CA and PE). None of the subjects had been

previously exposed to this neuropsychological evaluation.
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Finally, global cognitive function was tested using the Mini

Mental State Examination (MMSE). Results were com-

pared with Italian published norms [18, 19].

Magnetic resonance imaging

Brain MRI was performed according to our routine protocol

by a 1.5-T unit (Signa NV/I; GE Medical Systems, USA). 2D

fast fluid-attenuated inversion-recovery (FLAIR) axial

images (TR 8,000 ms, TE 120 ms; 256 9 224 image matrix,

FOV: 24 cm; 24 slices, 4-mm slices, 1-mm gap) were used to

calculate hyperintense lesion volume. Structural MRI data

were acquired using a 3D T1-weighted spoiled gradient

(SPGR) echo sequence with the following parameters:

TR = 15.2 ms; TE = 6.7 ms; flip angle 15�; matrix size

256 9 256; FOV = 24 cm; slice thickness = 1.2 mm.

Lesion load quantification

Total lesion load (TLL) quantification was performed using

a supervised automated segmentation method [20] that

used the image intensities of the FLAIR images to train a

classifier (cellular neural network (CNN)-based approach).

The resulting final lesion load probability map was ana-

tomically subdivided into cerebellar and supratentorial

compartments. An experienced neuroradiologist (blind to

any other result of this study) double-checked CNN-related

final maps and manually performed lesion load quantifi-

cation using MRIcro software (http://www.mricro.com).

Voxel-based morphometry

Data were processed using the SPM8 software (http://www.fil.

ion.ucl.ac.uk/spm), where we applied VBM implemented in

the VBM8 toolbox, incorporating the DARTEL toolbox that

was used to obtain a high-dimensional normalization protocol

[21]. Images were bias-corrected, tissue classified, and regis-

tered using linear (12-parameter affine) and non-linear trans-

formations, within a unified model. Subsequently, the warped

gray matter (GM) segments were affine-transformed into MNI

space and were scaled by the Jacobian determinants of the

deformations (modulation). Finally, the modulated volumes

were smoothed with a Gaussian kernel of 8 mm.

To avoid MS lesion misclassification, a validated

approach was employed [22]. Specifically, white matter

(WM) lesions were masked out from the GM maps and

reassigned to WM maps after each segmentation was run. To

this end, a lesion mask from the automated segmented

lesions visible on FLAIR images was created (by using our

validated approach), co-registered to the 3D T1-weighted

space, using the rigid transformation calculated between

the FLAIR and the 3D T1-weighted images, and normalized

into the MNI space, using the nonlinear transformation

previously calculated. To exclude from the statistical anal-

ysis pixels assigned by the segmentation to GM with a low

probability value and pixels with a low intersubject anatomic

overlay after normalization, GM normalized maps from all

the subjects were eroded (erosion of the first-line outer

voxels) and used to create a GM mask, which was thres-

holded at a value of 0.75 (pixels with computed GM fraction

values 75 % were selected) and then used as explicit mask

during the statistical analysis [22].

The GM volume maps were statistically analyzed using

the general linear model based on Gaussian random field

theory. Statistical analysis consisted of an analysis of

covariance with age and total intracranial volume (ICV) as

covariates of no-interest. To evaluate co-variation between

GM volume changes and clinical/cognitive data we per-

formed correlation analysis using the multiple regression

function of SPM8. The statistical threshold was set at

p \ 0.05 family-wise error (FWE) correction at a whole

brain level.

Automated cerebellar volumetry

To corroborate voxel-based findings we further performed

automated labelling and quantification of cerebellar volume

using FreeSurfer v5.0 ((http://surfer.nmr.mgh.harvard.edu).

The automated procedures for volumetric measuring of

several deep GM structures have been previously described

[23, 24]. This procedure automatically provided segments

and labels for up to 40 unique structures and assigned a

neuroanatomical label to each voxel in an MRI volume based

on probabilistic information estimated automatically from a

manually labeled training set. The automated subcortical

segmentation performed by Freesurfer required the follow-

ing steps: first, an optimal linear transform is computed that

maximizes the likelihood of the input image, given an atlas

constructed from manually labeled images. A nonlinear

transform is then initialized with the linear one, and the

image is allowed to further deform to better match the atlas.

Finally, a Bayesian segmentation procedure is performed,

and the maximum a posteriori estimate of the labeling is

computed. This approach provides advantages similar to

manual ROI drawing [24] without the potential for rater bias,

offering an anatomically accurate rendering of regional

volumes. ICV was calculated and used to correct the regional

brain volume measurements. Normalized cerebellar GM

values were calculated as follows: [raw cerebellar volume/

ICV]*1,000.

Statistical analysis

Statistical analyses were performed with STATISTICA

Version 6.0 (www.statsoft.com). Demographic, radiologi-

cal and neuropsychological differences between groups
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were tested with unpaired ttest and one-way ANOVAs. For

ordinal variables (i.e., EDSS subscales and educational

level), the Mann–Whitney U test was used to assess dif-

ferences between groups. All statistical analyses had two-

tailed alpha levels of \0.05 for defining significance.

Results

All groups were matched for demographic variables and,

within the two MS groups, no significant differences were

detected for clinical variables (Table 1). As concerns MRI

data, no significant differences in supratentorial TLL, as

well as in cerebellar GM volume, were detected between

MS groups. In contrast, RR-MSc patients obviously

showed a greater lesion load within the cerebellum with

respect to the RR-MSnc group (Table 1). The most com-

monly affected regions were the pons and the cerebellar

peduncles.

As concerns cognitive evaluation, RR-MSc displayed

significant lower performance in attention (SDMT), verbal

fluency (COWAT) and spatial memory tests (ROCFT)

(Table 1), either with respect to RR-MCnc patients or to

controls (post hoc analysis—Tukey t test—p’s \ 0.05).

VBM analysis revealed that patients with RR-MSnc and

RR-MSc showed a similar pattern of GM atrophy involving

mainly the thalamus when compared with controls.

RR-MSc group was further characterized by additional loci

of atrophy involving the putamen and the primary motor

cortex bilaterally (Table 2; Fig. 1). However, when we

compared MS groups between them, RR-MSc showed a

reduced volume in the right supramarginal gyrus, bilateral

Table 1 Participant’s demographic and neuropsychological data

Variables RR-MSc RR-MSnc Controls p values

Clinical data

Gender (m/f) 2/10 3/11 6/14

Age (years) 38.9 ± 8.7 38.6 ± 8.5 36.9 ± 5.8 0.57a

Education (years) 13 (5–17) 13 (5–17) 16 (5–18) 0.2b

Disease duration (years) 12.1 ± 8.7 8.8 ± 4.4 – 0.21c

EDSS 2.5 (1–4) 2 (1.5–4.5) – 0.63b

FSS 4 ± 1.1 3.7 ± 1.6 – 0.62c

Supratentorial lesion load (mm3) 6249 ± 5122 5139 ± 4796 – 0.18c

Cerebellar lesion load (mm3) 251 ± 208 – –

Cerebellar GM volume (cm3) 72.8 ± 8.2 74.1 ± 12.5 79.1 ± 12.2 0.26a

Neuropsychological data

SDMT 25.7 ± 12.6 38.5 ± 8.8 42 ± 6.8 <0.001a

COWAT 24.4 ± 9.4 30.7 ± 8.1 34.9 ± 7.8 0.01a

MCST (CA) 6 (3–6) 6 (4–6) 6 (4–6) 0.64b

MCST (PE) 2 (0–6) 1 (0–3) 0.5 (0–3) 0.19b

JLO 21.2 ± 5.9 24.4 ± 4.8 25.2 ± 2.2 0.28a

RAVLT immediate recall 38.7 ± 11.5 44 ± 7.5 44.8 ± 7.8 0.21a

RAVLT delayed recall 8.6 ± 3.7 9.9 ± 1.5 9.3 ± 2.3 0.42a

RAVLT rec 30.5 ± 2 29.6 ± 1.7 28.8 ± 1.8 0.19a

ROCFT copy 22.7 ± 7.7 27.5 ± 2.5 33.5 ± 1.8 <0.001a

ROCFT immediate recall 8.9 ± 5.6 12.7 ± 5.2 18.6 ± 3.6 <0.001a

ROCFT delayed recall 7.5 ± 5 11.4 ± 5.5 19.1 ± 3.4 <0.001a

MMSE 29.5 ± 0.9 28.8 ± 2.3 29.7 ± 0.3 0.44a

Data are given as mean values (SD) or median values (range) when appropriate

RR-MSc relapsing remitting MS patients with cerebellar symptoms, RR-MSnc relapsing remitting MS patients without cerebellar symptoms, FSS
Fatigue Severity Scale, GM gray matter, RAVLT IR and RAVLT DR Rey Auditory-Verbal Learning Test Immediate and Delayed Recall, ROCFT
IR and ROCFT DR Rey-Osterrieth Complex Figure Test Immediate and Delayed Recall, ROCFT Copy Rey-Osterrieth Complex Figure Test

Copy, JLO Judgment Line Orientation, SDMT Symbol digit modalities test, COWAT Controlled Oral Word Association Test, MCST CA
Modified Card Sorting Test Categories Achieved, MCST PE Modified Card Sorting Test Perseverative Errors, MMSE mini-mental state

examination
a One-way ANOVA
b Mann–Whitney test
c Unpaired t-test
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superior temporal gyrus (STG) and in the right dorsolateral

prefrontal cortex (DLPFC, Fig. 2a).

Finally, regression analyses performed within RR-MSc

group revealed a significant correlation between SDMT

scores with GM volume in the right DLPFC (t value = 6.4,

cluster (k) = 154, PFWE-corr = 0.03) and COWAT scores

with GM volume in the left STG (t value = 5.81, cluster

(k) = 331, PFWE-corr = 0.04)(Fig. 2b). Otherwise, within

the RR-MSnc group, COWAT scores resulted in being cor-

related with the GM volume of the STG and inferior frontal

cortex without reaching statistical threshold corrected for

multiple comparisons. Correlating SDMT scores showed a

Table 2 VBM findings

Cerebral region Brodmann areas (BA) N� voxel T values MNI coordinates (x; y; z)

HC versus RR-MSnc

Left thalamus 3,241 7.38 -10 -31 9

Right thalamus 6.35 8 -36 0

HC versus RR-MSc

Left thalamus 2,271 8.31 -14 -28 10

Right thalamus 7.3 16 -27 10

Right motor cortex BA 4 292 6.08 40 -19 49

Left motor cortex BA 4 162 5.33 -47 -12 34

Left putamen 1,387 5.72 -28 -7 -2

Right putamen 747 4.58 30 -9 -5

RR-MSnc versus RR-MSc

Right supramarginal gyrus BA 40 608 4.73 68 -28 30

Right dorsolateral frontal cortex BA 46 200 4.32 40 51 24

Right superior temporal gyrus BA 22 798 4.29 58 2 3

Left superior temporal gyrus BA 22 213 4.2 -58 -4 3

RR-MSc versus RR-MSnc

NS

VBM analysis of significant changes in gray matter volume. Significant volumetric differences met the criteria of p \ 0.05, Family Wise Error

(FWE) at a whole brain level

RR-MSc relapsing–remitting multiple sclerosis patients with cerebellar symptoms, RR-MSnc relapsing–remitting multiple sclerosis patients

without cerebellar symptoms, HC healthy controls, NS not significant

Fig. 1 3D/2D surface renders

showing the significant clusters

deriving from the direct

comparison between RR-MS

groups and healthy controls

superimposed onto the T1-

weighted standard template

(MNI) by means of: a FSL

package (http://www.fmrib.

ox.ac.uk/fsl/) and b SPM8

(http://www.fil.ion.ucl.

ac.uk/spm). The significant

differences are found within the

bilateral thalamus for both

groups, whereas in the RR-MSc

the neurodegenerative patterns

involved also the putamen and

the motor cortex bilaterally.

RR-MSc: relapsing-remitting

multiple sclerosis patients with

cerebellar symptoms. RR-

MSnc: relapsing–remitting

multiple sclerosis patients with-

out cerebellar symptoms
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significant relationship that was only detected with GM

volume changes in the right superior parietal lobule

(t value = 5.51, cluster (k) = 146, PFWE-corr = 0.04). No

significant association was detected between EDSS scores

and GM pathology in either MS group.

Although no significant differences in clinical factors

were detected between groups, the RR-MSc group showed

more heterogeneity in disease duration. For this reason, all

previous analyses were re-analysed using disease duration

scores as a covariate of no-interest. The overall pattern of

findings remained the same.

Discussion

Our study provides the first evidence of distinct neurodegen-

erative processes characterizing the RR-MSc patients with

respect to demographically, clinically, and radiologically

matched RR-MSnc patients. Although both groups display a

similar neurodegenerative pattern with respect to controls,

confirming the involvement of the thalamus in the patho-

physiological mechanisms of RR-MS [22, 25], the main finding

is the detection of GM abnormalities when comparing MS

groups between them. In fact, despite a similar clinical status,

RR-MSc patients show significant atrophies in associative

cortical areas that result to be consistent with the reported

cognitive deficits in attention and language domains (Fig. 2b).

Crucial to the concept of a cognitive profile in the cere-

bellum is the existence of tight anatomical connections

between the cerebellum and regions of the brain that support

higher functions. Strong activation within the right posterior-

lateral cerebellum has been described during several lan-

guage paradigms, including word generation, semantic

processing, phonological processing and verbal fluency task

[26]. Moreover, agrammatism has been reported in patients

with focal cerebellar lesions [27]. Apart from linguistic

cognitive deficits, cerebellar lesions can give rise to the

‘‘ataxic dysarthria’’ that pertains to the motor aspect of

speech. Indeed, the cerebellar dysarthria is mainly charac-

terized by slowed tempo of spoken language [28]. All these

findings are in agreement with our data where we demon-

strated a decline of language abilities (verbal fluency) only in

MS patients with cerebellar signs, which resulted in being

correlated with GM loss in the superior temporal cortex. This

latter finding confirms that the integrity of cerebellar-cortical

loops might underlie poorer performance on measures of

language functions in MS patients.

A similar interpretation might be proposed for the

presence of poor performance during the SDMT in the

RR-MSc group. The SDMT primarily assesses information

processing speed, as well as sustained attention and

working memory. Current knowledge of the neural net-

works involved in processing speed, attention and working

memory suggests that these functions rely on the integrity

Fig. 2 a Three-dimensional surface renders showing the significant

clusters deriving from the comparison between RR-MSnc and

RR-MSc groups. Specifically, the RR-MSc patients showed reduced

GM volume in the bilateral superior temporal gyrus (STG) and in the

right dorsolateral prefrontal cortex (DLPFC) with respect to

RR-MSnc group. b Simple regression results. Scatter plots show the

distribution of the mean GM volumes (y axis) and the cognitive

scores (x axis), which resulted in being significantly correlated in the

RR-MSc group. In particular, either SDMT or COWAT scores

resulted in being positively correlated with the GM volume of the

right DLPFC and left STG, respectively. The regression line (red) and

the 95 % confidence intervals (black lines) are shown
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of several cortical and subcortical structures distributed

throughout the brain [29], mainly involving the cerebellum,

the inferior/superior parietal lobules and the entire pre-

frontal cortex [30]. Generally, the vast majority of RR-MS

patients reported deficits in attention/working memory as

measured by SDMT, mainly in the early phase of disease

[31], which resulted in being dependent upon the extension

of pathology in the prefrontal cortex [12]. Indeed, Nocen-

tini et al. [12] using VBM, demonstrated a strong corre-

lation between loss of GM volume in the prefrontal cortex

and lower performance during SDMT in RR-MS patients.

This evidence would seem to confirm our results, where a

similar relationship was detected in RR-MS patients having

cerebellar signs. However, a significant correlation

between SDMT performance and brain pathology within

parietal cortex was also detected in RR-MSnc patients.

This finding is unsurprising, because a very recent neuro-

imaging study demonstrated that MS’s performance during

SDMT strongly rely on integrity of the white matter fiber

tracts in the occipito-parietal cortex [32]. As concerns the

specific role of the cerebellum, several neuroimaging

studies proposed that the posterior part of the cerebellum

represents part of the cortico-subcortical circuit that is

involved in the articulatory control system [33, 34], which

serves to sub-vocally refresh the contents of the phono-

logical store during working memory. Following this evi-

dence, our group demonstrated an altered cortico-cerebellar

functional coupling in RR-MSc patients during a working

memory task [13]. Furthermore, several studies highlighted

the role of the cerebellum in attention processes. In par-

ticular, some authors proposed the cerebellum as a primate

candidate for pathophysiological mechanisms underlying

patients with attention-deficit hyperactivity disorders

(ADHD), who are characterized by reduced cerebellar

volumes [35]. Again, altered functional connectivity

between the cerebellum and the DLPFC region was found

in RR-MS patients during attention tasks [36].

However, the lack of cerebellar GM loss in the RR-MSc

patients, who are characterized by evident white matter

lesions within this region, poses important reflections. The

cerebellum exhibits strong interconnections with the con-

trolateral cerebral hemisphere either in feed-forward and

feedback directions [6, 7]. Higher-order cerebral regions,

such as the DLPFC, the parietal and the superior temporal

cortices project to the cerebellum through the pontine

nuclei [2–4]. Moreover, a recent VBM study [37] demon-

strated that focal cerebellar lesions lead to both specific

cognitive deficits (in attention, language and spatial

memory domains) and atrophies in the frontal and temporal

cortices, without loss of GM volume in the cerebellum. All

these evidences strengthen the idea that the detected GM

tissue loss in associative cortical areas, as well as the

specific cognitive decline, may arise from Wallerian

degeneration and diaschisis induced by cerebellar WM

lesions characterizing the RR-MS patients with cerebellar

symptoms. The demonstration of a discrepancy between

GM/WM loss in the brain of MS patients with cerebellar

symptoms is in line with the pathological description of

cerebellar cortical demyelination associated with a relative

axonal and neuronal preservation [38].

Some limitations of this study need to be discussed.

First, we believe that our patient sample size and, conse-

quently, small variability in the current clinical sample may

have underpowered the ability to detect additional signifi-

cant correlations between individual differences in the

structural measures and clinical/cognitive scores. In

fact, GM pathology is an important component of the

MS-related disease process. Accelerated GM atrophy has

been observed in MS patients [39], but its relationship to

neurological disability remains elusive. Recent evidence

demonstrated that the Multiple Sclerosis Functional Com-

posite (MSFC) defined disability progression as more

closely linked to brain atrophy than EDSS defined dis-

ability progression [40]. Future studies are needed to

demonstrate the relevance of MSFC in prediction of GM

pathology in MS patients with cerebellar signs.

In conclusion, our neuropsychological and neuroimag-

ing data support the hypothesis, already raised by our

previous studies [11, 13], that cerebellar symptoms may

define a distinct clinical subtype being characterized by a

more severe and widespread cortical pathology with

respect to RR-MSnc patients. The confirmation of specific

and selective cognitive deficits characterizing RR-MSc

patients employing a different sample with respect to our

previous studies [11, 13], represents a fundamental step for

increasing our knowledge about the disease’s mechanisms

and for improving treatments (i.e., cognitive rehabilita-

tion)[41] that specifically target these MS-related

symptoms.
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