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Abstract

Background and purpose: To investigate the relationship between the functional con-
nectivity (FC) of the sensorimotor and cognitive cerebellum and measures of structural
damage in patients with multiple sclerosis (MS) and no physical disability.

Methods: We selected 144 relapsing-remitting MS patients with an Expanded Disability
Status Scale score of <1.5 and 98 healthy controls from the Italian Neuroimaging Network
Initiative database. From multimodal 3T magnetic resonance imaging (MRI), including
functional MRI at rest, we calculated lesion load, cortical thickness, and white matter,
cortical gray matter, and caudate, putamen, thalamic, and cerebellar volumes. Voxel-wise
FC of the sensorimotor and cognitive cerebellum was assessed with seed-based analysis,
and multiple regression analysis was used to evaluate the relationship between FC and
structural damage.

Results: Whole brain, white matter, caudate, putamen, and thalamic volumes were re-
duced in patients compared to controls, whereas cortical gray matter was not significantly
different in patients versus controls. Both the sensorimotor and cognitive cerebellum
showed a widespread pattern of increased and decreased FC that were negatively as-
sociated with structural measures, indicating that the lower the FC, the greater the tissue
loss. Lastly, among multiple structural measures, cortical gray matter and white matter
volumes were the best predictors of cerebellar FC alterations.

Conclusions: Increased and decreased cerebellar FC with several brain areas coexist
in MS patients with no disability. Our data suggest that white matter loss hampers FC,
whereas, in the absence of atrophy, cortical volume represents the framework for FC to

increase.
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INTRODUCTION

The cerebellum has a recognized role in both motor and cognitive
functions [1] due to its numerous connections with the cerebral cor-
tex [2,3]. Cerebellar areas subserving motor functions are distinct
from those subserving cognitive functions and are associated with
the anterior (i.e., sensorimotor cerebellum [smCb]) and posterior (i.e.,
cognitive cerebellum [cCb]) lobes, respectively [4].

The cerebellum is one of the major sites affected by multiple
sclerosis (MS) from early disease stages [5]. Anterior and posterior
cerebellar damage contributes to motor and cognitive disability
across MS phenotypes [6-9]. Additionally, several structural mea-
sures of brain damage (i.e., T2-hyperintense lesion load and atrophy
of cortical deep gray matter [GM]), represent well-known correlates
of clinical disability and predictors of neurological impairment wors-
ening [10-12].

In response to structural damage, the brain undergoes changes
in functional architecture that can be investigated by functional
magnetic resonance imaging (fMRI) [13,14]. Several fMRI studies
have shown an association between functional cerebellar abnor-
malities and either cognitive or physical impairment in patients with
relapsing-remitting (RR) and/or secondary progressive forms [15-
21]. Patients with MS and no physical disability may show a large
variability in cerebellar functional connectivity (FC) alterations, with
values either higher or lower than the normal range [19], suggesting
that cerebellar FC may represent an individual and variable brain re-
sponse to tissue damage severity.

The relationship between altered cerebellar FC and brain struc-
tural damage in MS is underexplored and difficult to define due to
the heterogeneity of studies that have considered different aspects
of brain damage. Overall, cerebellar FC alterations in patients with
RR MS or secondary progressive (SP) MS are related to structural
damage, either at the supratentorial [18] or infratentorial level [17],
although cerebellar functional rearrangement may be partially inde-
pendent of cerebellar structural damage [15,20].

To the best of our knowledge, FC alterations of cerebellar motor
and cognitive domains (e.g., smCb and cCb) and their relationship
with brain structural damage have not been investigated in MS pa-
tients with no disability according to the Expanded Disability Status
Scale (EDSS).

We hypothesized that sensorimotor and cognitive domains
modify their FC patterns in response to brain damage, even in the
absence of disability. We also hypothesized that cerebellar FC al-
terations may help to understand the contradictory relationship
between clinical and radiological features in MS (i.e., a lack of sig-
nificant symptoms despite structural brain damage) [22]. To test our
hypothesis, we evaluated the link between smCb and cCb FC and
structural damage burden in a large series of patients with MS and
no disability. Specifically, we applied a seed-based approach to study
the FC of both cerebellar domains, and we correlated cerebellar FC
with various conventional magnetic resonance imaging (MRI) mea-

sures of brain damage.

METHODS
Population

Patients were retrospectively selected from the Italian Neuroimaging
Network Initiative (INNI) database, which currently includes four
Italian MS centers (San Raffaele Scientific Institute, Milan, Center A;
Second University of Naples, Naples, Center B; Sapienza University
of Rome, Rome, Center C; and University of Siena, Siena, Center D;
https://database.inni-ms.org/https://database.inni-ms.org [23]).

Inclusion criteria were diagnosis of clinically defined MS ac-
cording to revised McDonald criteria [24], RR form, clinical history
included in the database, and an EDSS score <1.5. From the INNI
database, we also selected healthy controls (HCs) who were compa-
rable with the patient sample in terms of age and sex.

Study protocols were approved by the ethics committee of the
institution where acquisitions were performed, and both patients
and HCs signed a written informed consent form. All images were
anonymized prior to being uploaded to the database to protect sub-

jects’ privacy.

MRI acquisition and analysis

MRI scans were collected from the online INNI repository and
acquired between 2008 and 2017. All MRI scans were acquired
using 3.0T scanners with multimodal acquisitions including three-
dimensional (3D) T1-weighted images (3DT1), proton-density/T2-
weighted images, and resting-state functional images. Inclusion
criteria for fMRI images were repetition time (TR) =3000 ms, a mini-
mum of 140 volumes, and the absence of artifacts or movement at
quality control. Details regarding acquisition protocols for separate
centers are available in Table S1.

Structural and fMRI images were preprocessed following stan-
dard pipelines implemented with FMRIB’s Software Library (FSL)
version 6.0.3 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).

Structural MRI

T2-hyperintense white matter (WM) lesions were segmented on
proton-density images at each site using a semiautomated technique
(Jim, Xinapse System; http://www.xinapse.com) and global WM le-
sion load (T2LL) was calculated. On the preprocessed 3DT1 images
[25] of each subject, we calculated mean cortical thickness via SPM
CAT12 (http://www.neuro.uni-jena.de/cat/). The extracted brains
were segmented into GM, WM, and cerebrospinal fluid (CSF) via FSL
FAST, and whole brain, WM, and cortical GM measures were esti-
mated using FSL SIENAX. Cerebellar volume was obtained as sum
of cerebellar lobules and vermis (SUIT, http://www.diedrichsenlab.
org/imaging/suit.htm). The Diedrichsen atlas [26] was used to cre-
ate masks of the cCb (lobules VI-VII and IX-X) and smCb (lobules
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I1-V and VIII) [4,15]. FSL FIRST was used for segmentation and to
calculate caudate, putamen, and thalamic volume. For each subcor-
tical structure, the left and right volumes were summed. Structural
data processing is more extensively described in the Supplementary
Materials.

WM, cortical GM, caudate, putamen, thalamic, and cerebellar
volumes were normalized for skull size using the estimated scaling
factor obtained with SIENAX. In the following analyses, we used the
inverse of volumes as indices of volume loss, together with T2LL,
to obtain consistent data distribution and the same direction for all
structural measures (the higher the values, the higher the structural
decay).

Functional MRI

Preprocessing of functional data included removal of the first
three volumes to allow the signal to reach equilibrium, move-
ment correction with ICA Automatic Removal of Motion Artifacts,
further movement and artifact correction via WM and CSF sig-
nal regression, application of a band-pass filter [0.008-0.09 Hz]
to exclude physiological artifacts, and spatial smoothing using an
8-mm full-width at half-maximum Gaussian kernel. In each subject,
functional images were registered onto anatomical 3DT1 images
and standard Montreal Neurological Institute (MNI) space via a
two-step linear/nonlinear procedure with FSL's FLIRT and FNIRT,
respectively.

We performed seed-based analysis using FSL FEAT. In standard
MNI space, mean smCb and cCb time series were extracted from
each subject mask and used as seeds in the relative analysis. Visual
inspection of the correct overlap of smCb or cCb and functional
images was performed for all subjects [18]. Voxel-wise maps of FC
were individually calculated between each seed and the rest of the

brain separately via a general linear model (GLM).

Statistical analysis

All steps described are schematically displayed in Figure 1. Given
the high variance observed in the FC of patients scoring <1.5 on
the EDSS [19], we randomly divided patients into two subgroups
of 72 subjects each (MS1 and MS2) to verify the reproducibility
of results. We verified that groups were matched for age and sex
and investigated differences in cortical thickness and WM, corti-
cal GM, caudate, putamen, thalamic, and cerebellar volumes be-
tween the two subgroups. Then, for both the smCb and cCb, we
calculated the voxel-wise maps of altered FC in the MS1 and MS2
groups as compared to HCs and created masks of significant dif-
ference (alteration masks). We combined the masks of differences
obtained from the MS1 and MS2 groups for each cerebellar do-
main and identified areas where both subgroups had altered FC
with respect to HCs to obtain one intersection mask. Lastly, we
compared the intersection masks derived from the two subgroups
with the cerebellar FC maps obtained by comparing the whole

group of patients and HCs to verify the consistency of FC altera-

tions in patients despite FC variance.

Group differences

Unless stated otherwise, statistical tests were performed using
MATLAB 2017b (https://it.mathworks.com/). To compare MS1
versus MS2 and both MS1 and MS2 versus HCs, the Student t test
assuming two tails and unequal variance was used in age analysis,
the X2 test was used for sex analysis, and a one-way analysis of co-
variance was performed to test differences in cortical thickness and
whole brain, WM, cortical GM, caudate, putamen, thalamic, and cer-
ebellar volumes. Age, sex, and the MRI center of acquisition were
covariates of no interest.

Z maps of smCb and cCb FC from the GLM were compared voxel-
wise between MS1 and MS2 and HCs, and between the whole group
of patients and HCs. Age, sex, whole brain volume, and the center of

MRI acquisition were covariates of no interest.

Regression analysis

The role of structural features in explaining the association be-
tween altered cerebellar FC and structural involvement was eval-
uated in patients with a two-step procedure. First, in the whole
sample of patients, areas associated with structural measures
were identified via voxel-wise multivariate regression between
altered smCb or cCb FC and the inverse of WM, cortical GM, cau-
date, putamen, thalamic, and cerebellar volumes, in addition to
T2LL. This study aimed to investigate the relationship between
cerebellar functional connectivity and structural damage both at
the global level and limited to regions known to be involved early
by MS damage (i.e., thalamus, caudate, putamen, and cerebellum).
Although the primary motor cortex has a specific relevance for
physical disability, it has not been found to be consistently in-
volved in early MS. Furthermore, this study considered measures
of global cortical volume loss and thinning not of specific cortical
regions, also to avoid a too large number of variables. Age, sex,
and the MRI center of acquisition were covariates of no interest.
For both smCb and cCb FC, two masks were created by including
all voxels covering areas of either increased or decreased FC that
was significantly associated with structural measures (association
masks). Within these masks, we calculated the average FC and ob-
tained four values for each patient: decreased and increased smChb
FC and decreased and increased cCb FC. Second, to find the best
predictors of FC alterations, we performed stepwise regressions
including each of the four FC values as dependent variables and
all measures of structural damage, namely T2LL and WM, cortical
GM, thalamic, caudate, putamen, and cerebellar inverse volumes,
as independent variables (Figure 1).

Both voxel-wise group differences and multivariate regression
analyses were performed nonparametrically (FSL's Randomise, 5000
permutations), and the significance level was set at p < 0.05 after
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FIGURE 1 Flowchart of methods. Left side of panel: From a sample of 144 patients with multiple sclerosis (MS) and no disability,

we randomly obtained two subgroups of 72 subjects each (MS1 and MS2). For both the sensorimotor cerebellum (smCb) and cognitive
cerebellum (cCb), we calculated voxel-wise maps of altered functional connectivity (FC) in MS1 and MS2 subgroups versus healthy controls
(HCs) (alteration masks 1 and 2, increased FC is depicted in yellow and decreased FC in light blue) and intersected the two resulting maps to
create masks of significant difference (intersection masks, intersecting areas are shown in red). Then, we compared the intersection masks
derived from the two subgroups with the cerebellar FC maps obtained by comparing the whole group of patients and HCs to verify the
consistency of FC alterations in patients despite FC variances. Right side of panel: For both smCb and cCb, we calculated FC alterations in
144 patients as compared with 98 HCs and from the areas of significant alterations (alteration map, increased FC is depicted in yellow and
decreased FCin light blue), in terms of either increased or decreased FC, we created an alteration mask (shown in green). Within the areas
covered by the alteration mask, we calculated voxel-wise multiple regression between the smCb and cCb and structural measures, such as
cortical gray matter, white matter, caudate, putamen, thalamic, and cerebellar inverse volumes, and lesion load. We created an association
mask from the areas where FC with either the smCb or cCb was significantly associated with structural measures. Lastly, average smCb or
cCb FC within the areas covered by the association mask was associated with the structural measure via stepwise regression to find the best
FC alteration predictors [Colour figure can be viewed at wileyonlinelibrary.com]

false discovery rate correction, with minimum cluster extent set at
150 voxels.

RESULTS

From the INNI database, exams of 242 subjects were suit-
able for the study. A flowchart of the sample selection is dis-
played in Figure 2. Selected patients (n = 144) were aged
33.95 + 9.20 years (106 females aged 34.49 + 9.31 years,
38 males aged 32.45 + 8.82 years). HCs (n = 98) were aged
35.26 + 12.3 years (61 females aged 36.36 + 12.37 years, 37
males aged 33.43 + 12.13 years).

No patients had relapses or changes in disease-modifying ther-
apy within 1 month prior to MRI acquisition. Demographic and clini-
cal characteristics of patients, both as a whole group and as MS1 and
MS2 subgroups, and HCs are summarized in Table 1.

Of the 144 patients of the final sample, EDSS score of the cere-
bellar functional system was equal to 1 in 21 patients and equal to
0 in the remaining 123 patients, indicating that most patients (85%)
had no cerebellar signs at neurological evaluation. Patients had min-
imal signs on functional subscales and no clinical symptoms; the
number of patients with abnormal neurological signs on each of the
EDSS subscales is shown in Table S2.

One hundred twenty-eight patients were examined with a cog-
nitive test, the Paced Auditory Serial Addition Task (PASAT) 3s and/
or the Symbol Digit Modalities Test (SDMT), corrected by scholarity,
and evaluated with respect to normative values [27]. Eighty-one pa-
tients were administered both the PASAT and SDMT, and six (7%)
scored less than the cognitive impairment threshold on both tests,
whereas 14 (17%) scored less than the cognitive impairment thresh-
old on one test. Of the other 47 patients, 43 were examined with the
PASAT and four with the SDMT, and 10 (21%) scored less than the
cognitive impairment threshold.
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FIGURE 2 Flowchart of sample selection. Out of 1347 records, 1305 were first exams, including three-dimensional T1-weighted (3DT1),
proton density (PD) or T2-weighted or dual echo and resting state functional images, of 951 patients (PTNS) with multiple sclerosis (702
relapsing-remitting [RR], 174 secondary progressive [SP], 74 primary progressive [PP]) and 354 healthy controls (HCs). In the RR group, 363
patients had an Expanded Disability Status Scale (EDSS) score of <1.5, and 267 underwent a resting-state acquisition with repetition time

(TR) = 3 s and at least 140 volumes. Of these, 144 patients had 3DT

1 images and T2 lesion load (T2LL) masks preprocessed and double

checked by either Center A or C and were thus included in the following analysis. Among HCs, 199 had TR = 3 s and at least 140 volumes,
and 98 had 3DT1 images preprocessed and double checked by either Center A or C and were included in the study [Colour figure can be

viewed at wileyonlinelibrary.com]

Seventy-seven patients were treated with first-line therapies,
including interferon, glatiramer acetate, teriflunomide, and dimethyl
fumarate; 21 with second-line therapies, including fingolimod and
natalizumab; and 46 were untreated.

MRI findings
Structural measures

Brain structural MRI measures of MS patients and HCs are shown
in Table 2. All parameters were comparable between MS1 and MS2.
Compared to HCs, patients had a reduction in WM, thalamic, and
caudate volumes, both when considered as a whole group and as sub-
groups. Whole brain and putamen volumes were reduced in the pa-
tient group as a whole and in MS1. Mean cortical thickness and cortical
GM and cerebellar volumes did not differ between patients and HCs.

Resting state FC alterations

Preliminary steps of our analysis evaluated the consistency of
FC differences between the two patient subgroups versus HCs.

For both the smCb and cCb, the voxel-wise maps of increased
and decreased FC obtained by comparing MS1 and MS2 with
HCs (Figures S1 and S2) were combined in intersection masks to
identify areas of common FC alterations in the two subgroups.
These intersection masks were then superimposed onto the maps
of FC alterations obtained in the whole patient group (Figure 3).
Because of the large overlap between areas of functional altera-
tions in both the smCb and cCb in MS1 and MS2 that largely coin-
cided with the pattern observed in the patient group as a whole,
the following analyses were performed on the patient group as a
whole.

Compared with HCs, patients with MS showed areas of signifi-
cantly decreased smCb FC with the bilateral pre- and postcentral
cortex, insula, basal ganglia, temporal cortex, and right lingual gyrus.
Patients also showed increased smCb FC with the cerebellum, pre-
frontal cortex, cingulatum/paracingulum, precuneus, and posterior
parietal cortex (Figure 3a). Furthermore, in respect to HCs, the
patient group as a whole showed decreased cCb FC with the cere-
bellum, bilateral prefrontal cortex, precuneus, and angular gyri, and
with the left insula and basal ganglia, as well as increased cCb FC
with the cerebellum, bilateral orbitofrontal cortex, occipital corti-
ces, precuneus, posterior parietal cortex, and right prefrontal cortex
(Figure 3b).
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TABLE 1 Demographic and clinical characteristics of MS patients and healthy controls
t-value /;(2 (p value)
Patients vs.
Patients MS1 MS2 Controls controls MS1 vs. MS2
No. of subjects 144 72 72 98 NA NA
Sex (female/male) 106/38 52/20 54/18 61/37 3.52(0.06) 0.03(0.8¢)
Age, years 33.95(9.2) 33.64 (9.68) 34.26 (8.75) 35.26 (12.3) 1.97 (0.35) -0.41(0.69)
Disease duration, 6.58 (5.13) 6.73 (4.79) 6.43(5.48) NA NA 0.33(0.74)
years
EDSS, median [range] 1.5[0.0-1.5] 1.5[0.0-1.5] 1.5[0.0-1.5] NA NA 0(1)
PASAT 3s 41.11 (11.16) 42.38 (10.06) 39.89 (12.08) NA NA 1.25(0.22)
SDMT 48.67 (10.88) 48.76 (11.79) 48.55 (9.60) NA NA 0.09 (0.93)

Note: Data are shown as mean (standard deviation) unless indicated otherwise. Group differences were tested via unpaired two-sample t test, with
the exception of gender analysis, which was performed with the X2 test. No significant differences in age or sex were found between either MS1 or
MS2 subgroups and controls. One hundred twenty-four patients (61 MS1 and 63 MS2) were examined with PASAT 3s, and 85 patients (50 MS1 and

35 MS2) were examined with SDMT.

Abbreviations: EDSS, Expanded Disability Status Scale; MS, multiple sclerosis; NA, not applicable; PASAT 3s, Paced Auditory Serial Addition Task at

3's; SDMT, Symbol Digit Modalities Test.

Structural correlates of FC

We found that various areas of either increased or decreased FC
were significantly associated with brain structural measures in the
patient group as a whole. Voxel-wise multivariate regression showed
a negative association between smCb FC and all structural meas-
ures in areas of both increased FC, (i.e., prefrontal cortex, cingulum/
paracingulum, and precuneus) and decreased FC (i.e., the insula and
precentral gyrus) (Figure 4a). In addition, we found a negative asso-
ciation between increased cCb FC with the right precuneus and all
structural measures (Figure 4b). Lastly, stepwise regression showed
that of all structural measures, WM inverse volume, an index of vol-
ume loss, was the best predictor of a negative association between
structural damage and decreased smCb FC (f = -502.76, p < 0.002;
Figure S3A). Cortical GM inverse volume, an index of volume loss,
was the best predictor of a negative association between struc-
tural measures and increased FC of both the smCb (8 = -594.10,
p < 0.001; Figure S3B) and cCb (B = -592.82, p < 0.03; Figure S3C).

DISCUSSION

To investigate the contradictory relationships between clinical and
radiological features in MS patients with no disability, we evaluated
the association between sCb and cCb FC and the burden of struc-
tural damage in 144 patients with RR MS and an EDSS score <1.5.
We found that whole brain, WM, caudate, putamen, and thalamic
volumes were reduced. Cerebellar FC of the two cerebellar domains
was altered, and both increased and decreased cerebellar FC was
negatively associated with structural measures, indicating that the
lower the FC, the greater the tissue loss. Lastly, among multiple
structural measures, cortical GM and WM volumes were the best
predictors of cerebellar FC alterations.

Structural damage

Whole brain, WM, caudate, putamen, and thalamic volumes were
reduced with respect to controls, consistent with previous MRI data,
indicating that brain structural decline starts in early phases of MS
[28].

The role of atrophy measures in the prognosis of patients with
MS [29] and the early occurrence of both WM and GM loss in MS [30]
are well known. Brain atrophy has been found to be closely related
to disability [31]. A large multicenter study demonstrated that lower
deep GM and cortical volumes at baseline correlated with higher
EDSS scores in all MS phenotypes [11]. A relationship between early
brain structural damage and disability progression has also been de-
scribed [32,33]. However, our study showed a dissociation between
structural damage and physical disability, in accordance with volu-
metric MRI studies indicating the occurrence of brain atrophy even

before the disease becomes symptomatic [34,35].

Cerebellar functional alterations

We found a widespread pattern of FC alterations between the
two cerebellar domains and several brain regions, including areas
of both increased and decreased FC. These results are in agree-
ment with previous studies showing that the dentate nucleus, the
main output structure of the neocerebellum, is more functionally
connected with some brain areas and less connected with others
in patients with MS compared to HCs [16,18,36]. In the present
study, FC alterations mirror what has previously been observed in
patients with MS and a large range of disability (e.g., EDSS score
between 0 and 7.5) [15]. We found that both the smCb and cCb
were less functionally connected with the insula and basal ganglia.
The insular cortex interconnects several networks and contributes
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TABLE 2 Brain structural magnetic resonance imaging measures of MS patients and healthy controls

F value (p-value)

Patients vs. controls MS1 vs. controls MS2 vs. controls

MS1 vs. MS2

Controls

MS1 MS2

Patients

3.35(0.07)
0.79 (0.38)
0.23(0.63)
8.04 (0.005)

0.68)
0.02)
0.23)

0.003)
0.008)
0.02)

3.87(0.05)
0.91(0.34)
14.64 (<0.001)

0.17
5.30
1.46
9.32
7.17
6.01

0.34)
0.03)
0.65)

<0.001)
0.004)
0.03)

14.45 (<0.001)
2.07 (0.15)

<0.001)
0.22)

0.81(0.37)
NA

NA

0.78
5.06
0.20
12.84

0.08)
0.29)
0.08)
0.83)
0.65
0.11
0.78
0.53

8.49
4.93
22.40

1.53
NA

3.09
1.15
3.19
0.05
0.20
2.67
0.07

0.20)

2.52
1533.11

0.21)

124.96)
69.40)
70.54)
1.37)
1.86)

142.66)
69.85)

577.87

807.37

104.25)
1.65)
2.13)

0.41
0.38

30.22)

9.44
12.21

27.84)
19.38)
5.69)

179.13
NA

2.59
1504.50

0.27)

122.69)
63.92)
92.45)
1.22)
1.43)

588.66

750.19

9.11
12.12

19.06
175.44

2.30)

4.40

12.00)
5.07)

2.52
1483.70

0.24)

133.0)
67.45)

568.99

757.27

98.25)
1.45)

8.97
11.61
19.16

173.49

1.82)
2.55)

4.94

16.09)
5.37)

2.56
1494.10

Cortical thickness, mm

Brain volume, ml

578.82

Cortical GM volume, ml

753.73

WM volume, ml

9.04
11.87
19.10

174.46

Caudate volume, ml

Putamen volume, ml

Thalamic volume, ml

4.67

Cerebellar volume, ml

T2LL, ml

Note: Data are shown as mean (standard deviation). Feature differences between groups were calculated via one-way analysis of covariance, including age, sex, and site as covariates of no interest.

Significant group differences are reported in bold fonts (p<0.05).

Abbreviations: GM, gray matter; MS, multiple sclerosis; NA, not applicable; T2LL, lesion load; WM, white matter.

to motor, cognitive, and emotional functions [37]. Similarly, basal
ganglia are interconnected with the cerebellum in the cortico-
cerebellar-basal ganglia pathway, which integrates basal ganglia
and cerebellar functions in both motor and nonmotor domains
[38]. Furthermore, smCb FC with the precentral cortex and cCb
FC with the associative cortex were also reduced. The precen-
tral cortex is involved in executing voluntary motor movements
and is structurally connected to the cerebellum [39]. Interactions
between the cerebellum and associative prefrontal and parietal
cortices are involved in highly integrated cognitive functions [40].
Future longitudinal studies could support the hypothesis that the
decrement in smCb FC with the insula, basal ganglia, and precen-
tral gyrus, and the decrement in cCb FC with the insula, basal gan-
glia, and associative cortex are precursors of subsequent motor
and cognitive disability, respectively.

Conversely, FC of both the smCb and cCB with the precuneus,
prefrontal, and parietal cortices, as well as with some cerebellar
areas, was increased, although to a different extent. SmCb also
showed increased FC with the cingulum/paracingulum, whereas cCbh
also showed increased FC with the orbitofrontal cortex. Increased
FC in patients without disability may play an adaptive/compensa-
tory role as a neuroplastic mechanism to limit the effect of structural
damage [41], though this hypothesis is debated [42].

Previous fMRI studies found an association between cerebellar
FC and disability in RR MS and SP MS, suggesting that functional
alterations of the cerebellum impact clinical status: dentate FC with
the caudate nucleus was associated with balance disturbance [16],
whereas smCb and cCb FC were significantly associated with phys-
ical and cognitive disability [15], and decreased local FC in the cere-
bellum correlated with disability and ataxia scores [17]. Our results
expand these previous results by indicating that functional cerebel-
lar alterations may occur even in patients with MS who do not pres-

ent relevant physical and cognitive impairment.

Association between structural damage and
functional alterations

For both cerebellar functional domains, FC was negatively associ-
ated with structural measures, as considered altogether, indicating
that the lower the FC, the greater the lesion burden and volume
loss. In our sample of patients with no disability, the best predic-
tors of altered cerebellar FC were WM and cortical GM volume
loss. Particularly, WM volume loss predicted decreased FC of the
smCb, whereas cortical GM volume loss predicted increased FC
of both the smCb and cCb. Neither T2LL nor thalamic, caudate,
putamen, or cerebellar volume loss accounted for cerebellar FC
alterations.

Few studies have investigated the relationships between altered
cerebellar FC and brain structural damage in disabled patients with
RR MS or SP MS, and reported an association between the two mea-
sures [15,17,18,20]. The novel finding of this study was that struc-
tural brain damage was negatively associated with cerebellar FC in
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(@smCb

FIGURE 3 Two-sample t test. Comparison of resting-state
functional connectivity (FC) of the sensorimotor cerebellum (smCb)
(a) and cognitive cerebellum (cCb) (b) between the entire group of
patients with multiple sclerosis and healthy controls (HCs). Yellow
areas indicate where FC was significantly higher in patients than
in HCs, and light blue areas indicate where FC was significantly
lower in patients than in HCs. Statistical significance was reached
if p < 0.05, false discovery rate-corrected. Superimposed onto the
result of the two-sample t test, combined binary masks of smCb
and cCb FC obtained by the intersection of MS1 patients versus
HCs and MS2 patients versus HCs are shown in red [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 4 Relation between structural damage and functional
connectivity (FC) of the sensorimotor cerebellum. In patients
with multiple sclerosis, FC between (a) the sensorimotor
cerebellum (smCb) and the frontal lobe, bilateral insulae, primary
somatosensory cortex, and precuneus decreases as structural
damage increases and (b) the cognitive cerebellum (cCb) and
precuneus. Negative associations are shown in blue/light blue.
Significant results were reached if p < 0.05, false discovery rate-
corrected [Colour figure can be viewed at wileyonlinelibrary.com]

nondisabled MS patients, regardless of whether FC was increased
or decreased. WM volume loss could be considered an indirect in-
dicator of demyelination and nerve cell loss [43], and an association
between WM volume loss and microstructural WM damage has
been described in MS [44]. Our findings thus suggest that the loss of
WM fiber integrity influences neuronal functioning, consistent with
the concept that structural connectivity represents the skeleton
through which functional connections run. Furthermore, the role of
cortical GM volume as a predictor of increased FC of both cerebellar
domains suggests that cortical volume represents the framework for
FC to increase, in the absence of atrophy, intended as significantly

reduced volume in respect to HCs.

Limitations

One limitation of our study is its cross-sectional nature, which pre-
vented evaluation of the role of FC alterations in disease course in
MS patients without disability. Second, we only considered macro-
structural measures (i.e., brain volume and WM lesion load), whereas
microstructural measures were not assessed due to MRI data avail-
ability in a multicenter repository. Lastly, even though treatment
was not homogeneous among patients, all patients were in a stable,

nonacute disease phase.

CONCLUSIONS

Our data indicate that mechanisms of both increased and decreased
cerebellar FC coexist in patients with MS and no disability. Moreover,
the relationship between functional and structural alterations sug-
gests that cerebellar FC decreases in association with WM loss,
whereas cerebellar FC increases in relation to the amount of cortical
GM, in the absence of cortical GM atrophy. Due to the cross-sectional
nature of this study, we could not definitively establish whether FC
alterations limit the clinical impact of structural damage or whether a
cause-and-effect relationship exists between FC alterations and clini-
cal status. Longitudinal studies on large samples of MS patients with
no or mild disability may help to better understand the clinical role of
cerebellar FC alterations and, particularly, whether these alterations

underpin a preserved clinical status despite brain structural damage.
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(Department of Human Neurosciences, Sapienza University of Rome,
Rome, ltaly); Milan: Paola Valsasina (Neurology Unit, IRCCS San
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Unit, IRCCS San Raffaele Scientific Institute, Milan, Italy), Paolo
Preziosa (Neurology Unit, IRCCS San Raffaele Scientific Institute,
Milan, Italy), Loredana Storelli (Neurology Unit, IRCCS San Raffaele

Scientific Institute, Milan, Italy); Naples: Antonio Gallo (Department of
Advanced Medical and Surgical Sciences and MRI-Center “SUN-FISM,”
University of Campania “Luigi Vanvitelli,” Naples, Italy), Alvino Bisecco
(Department of Advanced Medical and Surgical Sciences and MRI-
Center “SUN-FISM,” University of Campania “Luigi Vanvitelli,” Naples,
Italy), Alessandro d’Ambrosio (Department of Advanced Medical
and Surgical Sciences and MRI-Center “SUN-FISM,” University of
Campania “Luigi Vanvitelli,” Naples, Italy); Siena: Maria Laura Stromillo
(Department of Medicine, Surgery and Neuroscience, University of
Siena, Siena, Italy), Riccardo Tappa Brocci (Department of Medicine,

Surgery and Neuroscience, University of Siena, Siena, Italy).
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