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Abstract
Background  The cerebellum is a predilection site of pathology in progressive multiple sclerosis (PMS) patients, contributing 
to cognitive deficits. Aim of this study was to investigate lobular cerebellar functional connectivity (FC) in PMS patients 
in relation to cognition.
Methods  In this cross-sectional study, resting state fMRI analysis was carried out on 29 PMS patients (11 males, mean age 
51.2 ± 11.9 years) and 22 age- and sex-matched healthy controls (HC) (11 males, mean age 49.6 ± 8.8 years). Data were 
analyzed with a seed-based approach, with four different seeds placed at the level of cerebellar Lobule VI, Crus I, Crus II 
and Lobule VIIb, accounting for cerebellar structural damage. Cognitive status was assessed with the BICAMS battery. 
Correlations between fMRI data and clinical variables were probed with the Spearman correlation coefficient.
Results  When testing FC differences between PMS and HC without taking into account cerebellar structural damage, PMS 
patients showed a reduction of FC between Crus II/Lobule VIIb and the right frontal pole (p = 0.001 and p = 0.002, respec-
tively), with an increased FC between Lobule VIIb and the right precentral gyrus (p < 0.001). After controlling for structural 
damage, PMS patients still showed a reduced FC between Crus II and right frontal pole (p = 0.005), as well as an increased 
FC between Lobule VIIb and right precentral gyrus (p = 0.003), with the latter showing an inverse correlation with BVMT 
scores (r = − 0.393; p = 0.03).
Conclusion  PMS patients show cerebellar FC rearrangements that are partially independent from cerebellar structural dam-
age, and are likely expression of a maladaptive functional rewiring.
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Introduction

The cerebellum is a complex structure, functionally inte-
grated in several cognitive and behavioral circuits through 
substantial projections to cerebral association areas [1]. 
Although classifications of morphologic, phylogenetic and 
functional order can be applied to characterize the cerebellar 
structure [2], according to anatomical and functional studies 
two main domains can be topographically identified, with 
the anterior cerebellum involved in motor tasks and the pos-
terior cerebellum responsible for cognitive functions [3]. An 
increasing body of evidence suggests that cerebellar damage 
impacts high order functions, contributing to cognitive dys-
functions in several psychiatric and neurological disorders 
[2, 4]. The cerebellum is a predilection site of pathology in 
patients with multiple sclerosis (MS) and contributes not 
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only to the accumulation of physical disability [5] but also 
to the development of cognitive deficits in both the relapsing 
[6, 7] and progressive phase of the disease [7–9].

Resting-state functional MRI (RS-fMRI) is a non-inva-
sive powerful tool that allows for the evaluation of functional 
connectivity (FC) between different brain regions when a 
subject is not performing any specific task. Previous RS-
fMRI studies in MS patients have shown the presence of 
functional disruption in local [10] and long-range cerebel-
lar FC not only within the cerebellar network [11–13] but 
also in the context of the sensory-motor and attentional/
working memory networks [12, 14, 15]. Such FC rearrange-
ments have been related to the presence of structural damage 
[10–12, 15, 16], and can be interpreted, according to the 
disease stage, as a sign of cortical plasticity and functional 
compensation, as a consequence of the exhaustion of such 
compensatory mechanisms or as a maladaptive rewiring of 
resting state networks [11, 12, 15, 17]. Although it is clear 
that clinically eloquent modifications of cerebellar FC occur 
in the posterior cerebellar lobe of patients with MS [10, 12, 
14, 15] and that damage of specific cerebellar lobules differ-
entially contributes to cognitive disability in all disease phe-
notypes [6, 8, 18, 19], no data is available about FC abnor-
malities of individual cerebellar lobules and the potential 
impact on the cognitive status in MS. In the present study we 
focused on the investigation of patients with progressive MS 
(PMS), more likely to experience cognitive deficits and cer-
ebellar damage, to further understand the physiopathological 
bases of cognitive deficits in MS. Therefore, the aims of our 
study were: (i) to investigate cerebellar lobular FC taking 
into account the presence of cerebellar structural damage, 
and (ii) to test the relationship between FC rearrangements 
and cognitive performance.

Materials and methods

Participants

Thirty-five patients with PMS (mean age 50.7 ± 11.6 years; 
range 29–72 years; M/F:13/22) were prospectively enrolled 
at the University of Naples “Federico II” from October 2016 
to February 2017 along with 22 healthy controls (HC) of 
comparable age and sex (mean age 49.6 ± 8.8 years; range 
35–69 years; M/F:11/11).

All patients enrolled had to fulfill the following inclu-
sion criteria: age between 18 and 75 years, MS diagnosis 
according to the revised McDonald criteria [20] with a 
progressive phenotype [21] and an EDSS score ≤ 7.0. In 
particular, patients were classified as primary progressive 
(PP) when showing a clinical progression over a period of 
at least 1 year without prior exacerbations, while they were 
classified as secondary progressive (SP) when showing a 

clinical progression (also confirmed over a period of at least 
1 year) after a conversion from a relapsing-remitting (RR) 
course. According to the same criteria [21], disease activ-
ity and progression over the year preceding the study visit 
were also evaluated. Exclusion criteria of the present study 
were: presence of other systemic conditions, alcohol or drug 
addiction, prior history of head trauma, clinical diagnosis of 
psychiatric disorders, and, for patients, clinical diagnosis of 
any neurological disorder other than MS.

Within 1 week from the MRI scan all patients underwent 
neuropsychological and clinical examination with evaluation 
of the Expanded Disability Status Scale (EDSS). The Brief 
International Cognitive Assessment of Multiple Sclerosis 
(BICAMS) battery, which includes the following tests: Sym-
bol Digit Modalities Test (SDMT), Brief Visuospatial Mem-
ory Test—Revised (BVMT) and California Verbal Learning 
Test-II (CVLT), was also administered. Neuropsychological 
raw scores were then converted in z-scores according to [22], 
and used in the subsequent analyses.

The study was conducted in compliance with the ethical 
standard and approved by the “Carlo Romano” ethics com-
mittee for biomedical activities of the University of Naples 
“Federico II”. Written informed consent was obtained from 
all subjects according to the Declaration of Helsinki.

MRI data acquisition

All images were acquired on the same 3T MRI scanner (Sie-
mens Trio, Siemens Medical Systems, Erlangen, Germany). 
The following sequences were acquired: a T2-weighted 
sequence (40 axial slices, TE = 63.0 ms, TR = 4500 ms, 
voxel size = 1.0 × 1.0 × 4.0 mm3) used for the quantification 
of the lesion volumes, a volumetric magnetization prepared 
rapid gradient-echo T1-weighted sequence (224 sagittal 
slices, TE = 2.47 ms, TR = 3000 ms, TI = 1000 ms, voxel 
size = 1.0 × 1.0 × 1.0 mm3) used for the volumetric analyses 
and a T2*-weighted echo-planar imaging sequence (30 axial 
slices, TE = 40 ms TR = 2500 ms, voxel size = 3 × 3 × 4 mm3, 
gap 1 mm, 200 time points) for the RS-fMRI analysis.

During the BOLD acquisition, subjects were asked to 
relax with eyes closed, without falling asleep, while laying 
supine in the MR scan with their head lightly fixed by straps 
and foam pads to minimize any possible head movement.

MRI data processing

T2-weighted hyperintense lesions were segmented for all 
MS patients by experienced observers using a semi-auto-
matic segmentation technique (Jim 7, Xinapse Systems Ltd, 
Northants, UK), and both entire brain (LV) and the cerebel-
lar (CLV) lesion volumes (according to [8]) were derived.

Cerebellar volumes were calculated on lesion-filled 
3D T1-weighted images using the Spatially Unbiased 
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Infratentorial Toolbox (SUIT) version 3.2, implemented in 
Statistical Parametric Mapping 12 (SPM12) (http://www.fil.
ion.ucl.ac.uk/spm). A complete description of the method 
applied to obtain cerebellar volumes is available in [8]. For 
each subject, posterior cerebellar volumes were computed 
as the sum of their hemispheric and vermian portions for the 
following lobules: VI, Crus I, Crus II and VIIb [8], given 
their central role in cognition [3]. In addition, using the seg-
mentation tool of SPM12, gray matter (GM), white matter 
(WM) and cerebrospinal fluid (CSF) volumes were obtained, 
and for each subject intracranial volume (ICV) was com-
puted as their sum for normalization purposes.

Preprocessing of RS-fMRI was conducted as described 
in [23, 24] using the FC toolbox CONN (McGovern Insti-
tute for Brain Research, Massachusetts Institute of Technol-
ogy, Cambridge; http://www.nitrc​.org/proje​cts/conn), which 
contains libraries for fMRI analysis based on SPM. Briefly, 
the following pre-processing steps were applied: removal 
of the first five time points, motion correction, slice tim-
ing correction, temporal despiking with a hyperbolic tan-
gent squashing function followed by band-pass filtering 
(for f between 0.008 and 0.09 Hz) and a spatial smoothing 
using a 6-mm Gaussian kernel. From the motion correction 
procedure a computation of the mean displacement of the 
brain voxels was obtained as the root-mean-square (RMS) 
of the translations along the three axes [25], and those stud-
ies showing a mean relative RMS of 0.20 mm or higher, or 
with more than 2.0 mm displacement along or 2.0 degrees 
rotation around any axis were discarded from the analysis. 
In addition, a “scrubbing” procedure was applied to those 
time points (along with the preceding and the two following 
ones) showing a framewise differential of signal intensity > 9 
z-values, to further suppress the effect of patient movements.

Data sets were then normalized to the standard Montreal 
Neurological Institute (MNI) EPI template and resampled 
to a voxel size of 2 × 2 × 2 mm3. To evaluate the overall 
accuracy of the processing, the quality of the images was 
assessed by an experienced operator (MI).

For each subject, BOLD signal time course was cal-
culated for lobules VI, Crus I, Crus II and VIIb using the 
Harvard-Oxford Atlas available in CONN [26], and the cor-
relation map of the BOLD signal across the brain was gener-
ated, including in a General Linear Model (GLM) the time 
courses of WM and CSF signals, and the six parameters 
(translations and rotations along the X, Y and Z axes) of spa-
tial transformation, as derived from the coregistration step.

Statistical analysis

Student’s t test was used to test group differences in terms 
of age, while χ2 test was used to test possible differences in 
terms of gender, with a significance level set for p < 0.05.

Group differences in terms of cerebellar volumes were 
tested via multivariate Generalized Linear Model (GLM), 
including ICV as a covariate of no interest to account for 
head size, with a significance level of p < 0.01, Bonferroni-
corrected for multiple comparisons (0.05/5, as the number of 
tested variables, namely the total cerebellar and lobules VI, 
Crus I, Crus II and VIIb volumes). Differences in terms of 
FC maps were also probed voxel-wise over the whole brain 
using a GLM, including as confounding covariates age, sex 
and the average motion, to remove potential residual move-
ment effects. This second-level analysis was also carried 
out including cerebellar structural metrics (namely, CLV 
and cerebellar lobule volumes) as additional confounding 
variables in the GLM, to test the impact of these metrics on 
cerebellar FC.

For all RS-fMRI analyses, both contrasts (HC > MS and 
HC < MS) were probed, and differences were considered sig-
nificant for p < 0.0125 (0.05/4 as the number of tested seeds), 
corrected for the family-wise error at the cluster level.

To explore all possible relationships between cerebro-cer-
ebellar abnormalities in FC and cognition, when significant 
differences emerged for the tested seeds after controlling for 
specific cerebellar atrophy and CLV, the first eigenvariate of 
each significant cluster was extracted in SPM12, corrected 
for age, sex, and RMS, and entered in a nonparametric cor-
relation analysis with all available cognitive scores using 
the Spearman coefficient, with results considered significant 
for p < 0.05.

Analyses were carried out using Statistical Package for 
Social Science (SPSS Inc, v. 20.0, Chicago, Ill).

Results

The HC and MS groups were no different in terms of age 
(p = 0.68) and sex (p = 0.34). Of the 35 enrolled patients, 12 
presented a PP course and 23 a SP course, with 10 subjects 
showing activity and 8 subjects showing disease progression 
in the year preceding the study visit.

Due to excessive movements during the RS-fMRI acquisi-
tion, six MS patients were excluded and a final population of 
29 PMS patients was considered in all subsequent analyses. 
In the remaining 51 RS-fMRI datasets (29 PMS patients and 
22 HC), no difference in terms of RMS was present between 
MS patients and HC (0.043 ± 0.036 vs 0.057 ± 0.044 in HC 
and MS respectively, p = 0.22).

Compared to HC, MS patients showed a decrease of total 
cerebellar volume (p = 0.001), as well as a decrease of all 
investigated cerebellar lobules (p ≤ 0.005).

When testing FC of cerebellar lobules without taking 
into account cerebellar structural damage, MS patients 
showed a cluster of reduced FC between Crus II and right 
frontal pole (p = 0.001) and a similar cluster of reduced FC 

http://www.fil.ion.ucl.ac.uk/spm
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between Lobule VIIb and the right frontal pole (p = 0.002). 
In addition, MS patients showed increased FC between 
Lobule VIIb and a cluster located at the level of the right 
precentral gyrus, partly extending to the ipsilateral supe-
rior frontal gyrus (p < 0.001; Fig. 1a).

When testing cerebellar lobular FC taking into account 
metrics of cerebellar structural damage, the FC between 
Crus II and right frontal pole (p = 0.005) remained signifi-
cantly decreased, although to a lesser extent. Similarly, the 
cluster of increased FC between Lobule VIIb and right 
precentral gyrus was still significant (p = 0.003; Fig. 1b). 

No significant differences emerged for the other tested 
lobules.

Finally, when testing for possible relationship between 
clinical scores and clusters of altered FC between cerebel-
lum and cortex, we found an inverse correlation between 
the cluster of increased FC in MS at the level of the right 
precentral gyrus and BVMT scores (r = − 0.393; p = 0.03; 
Fig. 2).

No other significant correlation emerged between the 
cluster of reduced FC at the level of the right frontal pole 
and the other clinical variables.

Fig. 1   Results of the RS-fMRI 
analysis without taking into 
account (a) and after control-
ling (b) for cerebellar structural 
damage. Clusters of significant 
FC decrease in MS patients 
compared to HCs are shown in 
red, while clusters of significant 
FC increase are presented in 
blue. All results are superim-
posed on a standard 3D render-
ing of a brain volume in the 
Montreal Neurological Institute 
space (top–bottom: frontal view, 
lateral right view and upper 
view). RS-fMRI resting-state 
functional MRI, MS multiple 
sclerosis, HC healthy controls

Fig. 2   Scatter plot of the cor-
relation between clinical data 
and the cluster of increased 
functional connectivity in 
MS patients compared to HC 
(r = − 0.393; p = 0.03) between 
cerebellar Lobule VIIb and 
the right PCG (extending to 
the ipsilateral SFG). Linear fit 
(middle line) and 95%individual 
CIs (dashed lines) are shown. 
BVMT z-scores were calculated 
according to [22]. MS multiple 
sclerosis, HC healthy controls, 
PCG precentral gyrus, SFG 
superior frontal gyrus, BVMT 
brief visuospatial memory test
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A list of demographic and clinical information of MS 
patients and HC analyzed in this study is reported in Table 1, 
while the results of the volumetric analysis are provided in 
Table 2 and results of the RS-fMRI analysis are showed in 
Table 3 and Fig. 1.

Discussion

Here, for the first time, we explored whole-brain FC of the 
individual cerebellar lobules involved in cognitive functions 
in PMS patients, demonstrating a functional rearrangement 
of the physiological connections between posterior cerebel-
lum, frontal pole and areas involved in the task-positive and 
salience network [27–29]. Such reconfiguration of cerebellar 
FC seems to be somehow independent from cerebellar struc-
tural damage, as suggested by the results of our two-step 
analysis. This finding is not completely surprising, consider-
ing that structural damage occurring in different regions of 
the cerebellum-cortex circuits might play a different role in 
cerebellar FC rewiring. Specifically, in our population, the 
reduction in FC between lobule VIIb and the frontal pole 
is partially accounted for by cerebellar structural damage, 
while the decreased FC between Crus II and the frontal pole 
is still evident after correction for cerebellar atrophy and 
lesion volume. The latter finding might also be related to a 
lower degree of atrophy affecting Crus II, in line with the 
results of a recent work that showed a relative lower volume 
loss in Crus II of PMS patients compared with HCs [8].

Our results partially confirm and expand recent find-
ings about dentate nucleus connectivity in relapsing-
remitting and pediatric MS [11, 13]. In both populations, 
increased cerebellar FC with cortical frontoparietal regions 

Table 1   Demographics and clinical variables of all subjects included 
in the analysis

Ages and DD are expressed in years, while cognitive scores are 
expressed as z-scores obtained according to [22]
MS multiple sclerosis, SD standard deviation, DD disease duration, 
EDSS expanded disability status scale, SDMT symbol digit modalities 
test, BVMT brief visuospatial memory test-revised, CVLT California 
verbal learning test-II, n.a not applicable

HC (n = 22) MS (n = 29)

Age (mean ± SD) 49.6 ± 8.8 
(range 35–69)

51.2 ± 11.9 (range 29–72)

Sex (M/F) 11/11 11/18
DD (mean ± SD) n.a 16.6 ± 10.6
EDSS (median) n.a 6.0 (range 1.5–7.0)
SDMT (mean ± SD) n.a − 1.58 ± 1.43
BVMT (mean ± SD) n.a − 0.98 ± 1.34
CVLT (mean ± SD) n.a − 0.94 ± 1.58

Table 2   MRI metrics for all subjects included in the analysis

Volumes (in milliliters) are expressed as mean ± standard deviation. 
Significant differences are reported in bold
HC healthy controls, MS multiple sclerosis, SD standard deviation, 
LV whole brain lesion volume, CLV cerebellar lesion volume, n.a not 
applicable

HC (n = 22) MS (n = 29) P values

LV (mean ± SD) n.a 12.4 ± 12.6 n.a
CLV (mean ± SD) n.a 0.1 ± 0.1 n.a
Total cerebellar volume 137.54 ± 12.14 128.35 ± 13.61 0.001
Lobule VI volume 23.76 ± 2.04 21.97 ± 2.42 < 0.001
Crus I volume 28.03 ± 2.58 26.26 ± 2.88 0.003
Crus II volume 19.94 ± 1.99 18.58 ± 2.02 0.003
Lobule VIIb volume 10.79 ± 1.16 10.06 ± 1.20 0.005

Table 3   Results of the RS-fMRI 
analysis

Volumes of the cluster of significant differences between the two groups are reported in ml
RS-fMRI resting-state functional MRI, MS multiple sclerosis, HC healthy controls, MNI Montreal Neuro-
logical Institute

MNI

Volume T X Y Z

Before controlling for cerebellar structural damage
 HC > MS
  Crus II 2.3 5.32 30 62 22 Right frontal pole
  Lobule VIIb 2.1 4.73 38 58 28 Right frontal pole

 HC < MS
  Lobule VIIb 2.9 5.67 14 − 16 78 Right precentral gyrus

After controlling for cerebellar structural damage
 HC > MS
  Crus II 1.8 5.49 30 62 24 Right frontal pole

 HC < MS
  Lobule VIIb 1.9 5.60 14 − 16 78 Right precentral gyrus
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characterized MS patients in comparison with controls [11, 
13]. Since such FC increase was directly correlated with bet-
ter clinical performance, it was interpreted as a compensa-
tory adaptation. In our study, the presence of both increased 
and decreased cerebellar FC in patients compared to HC 
might reflect the more advanced disease stage of our popu-
lation, and the consequence of a more diffuse and severe 
structural damage and/or the exhaustion of reserve capacity.

It has been recently suggested that cerebellar function 
shows similarities across different processing domains, 
with function prediction and error-based learning consti-
tuting the common mechanisms at the basis of cerebellar 
involvement in both motor and cognitive control [30]. In this 
functional frame, the posterior cerebellum participates in 
complex cognitive processes by means of partially overlap-
ping connection to prefrontal and posterior-parietal cortex 
[28]. In particular, lobule VI and VIIb are involved in the 
selection of pertinent stimuli through their interaction with 
the salience network, while Crus I and Crus II are mostly 
involved in executive control, verbal working memory and 
language function, together with lobule VI. Furthermore, 
lobule VI is also involved in visuospatial processing, while 
lobule VIIb additionally participates in attention-demanding 
tasks and social cognition [29, 30]. Against this background, 
the inverse relationship we identified between increased FC 
in precentral gyrus and BVMT scores could be interpreted 
as an example of maladaptive functional reorganization, or, 
alternatively, could represent an attempt to maintain ade-
quate cognitive performances, by increasing the connections 
between posterior cerebellum and areas involved in stimulus 
selection and level of attention [29]. Interestingly, the lack of 
other correlations between cerebellar FC changes and cogni-
tive scores suggests that cerebellar connectivity impairment, 
although clinically relevant, it is not the only factor driving 
the development of cognitive impairment in PMS, but it has 
to be considered in a wider scenario where reconfiguration 
of different circuits controlling cognition, along with volume 
loss, contribute to the clinical expression of cognitive defi-
cits in MS [8, 14–16].

Although all efforts have been made to account for the 
impact of atrophy and focal lesions on cerebellar FC, a lim-
itation of the present study is the lack cerebellar damage 
assessment at microstructural level. A further limitation can 
be found in the small number of subjects falling into each 
group when categorizing patients according to the disease 
course (PP/SP), activity (active/inactive) and progression 
status (progressive/stable), which prevented us from con-
ducting any subgroup comparison. For these reasons, further 
explorations are warranted in future studies.

In conclusion, our study shows that FC rearrangements 
occur in PMS patients, somehow independently from cer-
ebellar macroscopic structural damage and that they are 
likely to be an expression of a maladaptive functional 

rearrangement rather than a compensatory mechanism. 
Taken together, these results further expand the current 
knowledge of cerebellar damage in MS, confirming its role 
in the complex pathophysiology of cognitive deficits.
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