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Introduction
Upper limb motor impairment affects up to 60% of 
multiple sclerosis (MS) patients, having relevant 
effects on their functional independence, neuropsy-
chological performance, and quality of life.1 Impaired 
fine hand-motor dexterity, coordination deficits, and 
muscle weakness are the most frequent manifesta-
tions of upper limb impairment2 and have a greater 
impact in the progressive phases of the disease.1

In daily clinical practice, the level of disability in MS 
patients is generally evaluated with the Expanded 

Disability Status Scale (EDSS),3 a scale that mainly 
measures impairment of ambulation, particularly for 
values higher than 4. Functional scales more specific 
for the evaluation of hand-motor performance are 
rarely used. Among these, the nine-hole peg test 
(9HPT) measures fine hand-motor dexterity and coor-
dination,4,5 whereas the finger tapping rate test is sen-
sible in identifying fine motor control.6

Interestingly, even if walking is the most frequent and 
relevant impaired function in MS patients, recent 
studies highlighted that worse 9HPT performances 
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have detrimental effects on daily life activities, like 
dressing or cooking.7 This limitation is particularly 
present in progressive MS (PMS) patients, which, in 
many cases, show a bilateral overt impairment.8

Studies using advanced magnetic resonance imaging 
(MRI) techniques are contributing to characterize 
the substrates associated with the different clinical 
manifestations of MS.9 In particular, compared to 
relapsing-remitting (RR) MS, PMS patients seem to 
have higher gray matter (GM) loss in several regions 
of fronto-parieto-temporo-occipital lobes, cerebel-
lum and deep GM structures10 as well as more wide-
spread microstructural white matter (WM) damage.11 
Through the analysis of resting state (RS) fMRI, 
complex patterns of decreased and increased RS 
functional connectivity (FC) have been attributed to 
the clinical manifestations of the main MS pheno-
types.12 Moreover, MS patients show different brain 
activations based on their disability level, also dur-
ing simple motor tasks, with increased compensa-
tory recruitment in early disease phases and 
activation, in advanced disease stages, of additional 
regions, which however can represent maladaptive 
processes.13

Although recent studies have started to shed light on 
brain-motor regions contributing to hand-motor per-
formance in MS,14,15 the characterization of these 
aspects in the main MS phenotypes using multipara-
metric structural and functional MRI approaches is 
still lacking.

Against this background, we selected a large cohort 
of MS patients, and characterized, in MS patients 
versus healthy controls (HC) and in relapsing-remit-
ting (RR) versus PMS patients: (1) atrophy of 
selected sensorimotor GM regions, (2) microstruc-
tural damage in motor-related WM tracts, and (3) RS 
FC abnormalities of the left- and right-hand motor-
related networks. Then, multivariate analyses were 
used to investigate associations between the observed 
MRI abnormalities and global clinical disability 
(measured by EDSS), manual dexterity and coordi-
nation (measured by 9HPT), and fine motor control 
(measured by the electronic maximum finger tapping 
rate test, EFTR) impairment.

Subjects and methods

Ethics committee approval
This study was approved by the local ethical stand-
ards committee. Written informed consent was 
obtained from all participants.

Subjects and clinical assessment
From our unit database, we retrospectively selected 
134 HC (71 female; median age = 38 years) and 364 
sex- and age-matched MS patients (226 female; 
median age = 43 years; 250 RRMS and 114 PMS) sat-
isfying the following inclusion criteria: right handed-
ness (Edinburgh Handedness Inventory pre-MS 
condition ⩾ 50);16 no history of neurological (apart 
MS), orthopedic, or rheumatologic disorders; no psy-
chiatric or mood disorders; no concomitant therapy 
with antidepressants, baclofen, psychoactive drugs or 
steroids; no drug or alcohol abuse. In addition, MS 
patients had to have: absence of relapses and steroid 
treatment in the 3 months preceding study enrollment, 
stable treatment for MS for at least 6 months, and no 
inclusion in a motor rehabilitation program in the pre-
vious 3 months.

All study subjects performed hand dexterity tests of 
both left and right hand using 9HPT and EFTR. In MS 
patients, a complete neurological examination, with 
rating of the EDSS score and recording of disease-
modifying treatment (DMT), was also performed. 
Part of study subjects were previously analyzed.15

MRI acquisition and conventional analysis
Details on acquisition and conventional MRI analysis 
are provided in Supplementary methods. Using a 
Philips Intera 3.0 Tesla scanner, the following brain 
sequences were acquired, during a single session: (1) 
dual-echo turbo-spin-echo (resolution = 0.94 × 0.94 ×  
3 mm3) for T2-hyperintense lesion volume (LV) 
assessment; (2) three-dimensional (3D) T1-weighted 
scan (resolution = 0.89 × 0.89 × 0.9 mm3) for T1- 
hypointense LV assessment and whole-brain and 
regional GM volume calculation; (3) diffusion-weighted 
sequence (resolution = 2.14 × 2.6 × 2.3 mm3) for 
measuring WM microstructural alterations; and (4) 
T2*-weighted echo-planar-imaging sequence (resolu-
tion: 1.9 × 1.9 × 4 mm3; 200 sets of 30 contiguous 
axial slices, with a 4 mm thickness) for RS FC 
assessment.

Source-based morphometry analysis
Source-based morphometry (SBM) post-processing is 
reported in detail in Supplementary methods. Pre-
processed GM maps underwent SBM to produce GM 
components, that is, groups of spatially distinct GM 
regions showing common covariations among sub-
jects. This was achieved using the GIFT SBM17 tool-
box. Visual inspection allowed to select GM 
components relevant for motor functions. Loading 
coefficients (Lc), representing the degree to which a 
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GM pattern is present at an individual level, were 
extracted and used for subsequent statistical analysis. 
When the main sign of the component was negative, 
GM map and Lc were inverted.17

Diffusion tensor MRI analysis
Diffusion tensor (DT) MRI analyses are detailed in 
Supplementary methods. Briefly, for each subject, 
fractional anisotropy (FA) and mean diffusivity (MD) 
maps were estimated using FSL (FDT tool, FSL 
5.0.5). After standard space registration and skele-
tonization, average FA and MD values of corticospi-
nal tracts, body of corpus callosum (CC), and 
cingulum, superior, middle, and inferior cerebellar 
peduncles were extracted and used for the analyses.

RS FC analysis
Details of RS fMRI pre-processing and seed-based 
RS FC analysis are reported in the Supplementary 
methods and in a previous publication.18 Briefly, RS 
FC maps of the left- and right-hand motor cortex were 
produced by seed-based correlation analysis. Seeds 
for RS FC were identified starting from the primary 
motor cortices involved in hand movement (hand-
motor cortices, identifiable by the omega-shape 
knobs) on 3D T1-weighted scans, and shifted to match 
the closest peak of activation within the functional 
sensorimotor system, identified by independent com-
ponent analysis (GIFT software).

Demographic and clinical variables analysis
Demographic and clinical variables were compared 
between MS patients and HC, and between MS phe-
notypes using the Mann–Whitney U test and chi-
square test as appropriate. Linear models in the HC 
group were applied to regress out the effect of age and 
sex on inverse 9HPT and EFTR scores.6 The residuals 
(difference between the observed and predicted val-
ues) for both HC and MS patients were then converted 
to z-scores (z9HPT and zEFTR), using the standard 
deviation of HC residuals, and compared by linear 
models for heteroscedastic data. The following a pri-
ori comparisons were defined, based on the clinical 
evolution of the disease: (1) RRMS patients versus 
HC and (2) PMS versus RRMS patients.

MRI analyses
Differences of right- and left-hand motor RS FC 
between MS patients and HC were assessed using 
SPM12 and age- and sex-adjusted linear models. 
Average right- and left-hand RS FC maps of the whole 

group were used as masks. Results were assessed at a 
threshold of p < 0.05, family-wise-error corrected for 
multiple comparisons and also tested at a p < 0.001, 
uncorrected (cluster extension, kE = 5). The mean RS 
FC Z-scores of clusters significant at the previous 
comparison were extracted using the MarsBaR tool-
box (http://marsbar.sourceforge.net/) and used for 
subsequent analyses.

LVs were log-transformed to reduce skewness. 
Between-group comparisons of MRI measures were 
performed applying age- and sex-adjusted linear 
models for heteroscedastic data, allowing for group-
specific error variances, and expressed in terms of 
effect size, a standardized score computed as the ratio 
between estimated differences and the HC error term. 
Results were assessed at p < 0.05 accounting for the 
number of tested comparisons using the false discov-
ery rate approach.19

Random forest analyses
Random forest regression models20 (R software, ver-
sion 3.6.3, ranger package) were performed to iden-
tify conventional and motor-related MRI variables 
(those significantly different in MS vs HC) associated 
with global disability and impaired hand performance 
in: (1) all MS, (2) RRMS, and (3) PMS patients. 
Demographic and clinical variables were included in 
the analyses. For each model, 10,000 regression trees 
were built on a random subset of covariates, with a 
0.632+ bootstrap resampling of the observations.21 
According to Altmann et al.,22 a permutation test 
(1000 permutations) of the outcome was applied to 
assess the feature relevance, providing a corrected 
measure of variable importance and significance 
p-values for each predictor. The goodness of fit of a 
new model, trained using only the selected predictors 
(p < 0.05), was expressed by the out-of-bag (OOB)-R2, 
the coefficient of multiple determination computed on 
the left-out observations.

Results

Demographic and clinical characteristics
The main demographic and clinical characteristics of 
the study participants are reported in Table 1. 
Compared to HC, MS patients showed significantly 
higher hand-motor impairment, measured as lower 
scores in z9HPT and zEFTR of both hands (p < 0.001). 
As expected, compared to RRMS, PMS patients were 
older, had higher EDSS score, longer disease dura-
tion, and more severe motor impairment (p < 0.001, 
for all comparisons). RRMS and PMS significantly 
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differed also for DMT-characteristics, with the major-
ity of RRMS receiving either a first- or second-line 
DMT, whereas 35% of PMS received no treatment at 
study inclusion.

Conventional MRI findings
The main conventional MRI findings are shown in 
Table 2.

Compared to HC, MS patients had lower brain, GM 
and WM volumes (p < 0.001, for all comparisons). 
Compared to RRMS, PMS patients had higher T2-LV 
(p = 0.005), higher T1-LV (p = 0.04), and lower NBV 
(p = 0.02) and NGMV (p = 0.04).

SBM analysis
Nine GM components were selected and classified into 
three categories according to the cortical/subcortical 
areas mainly involved: four sensorimotor GM compo-
nents (I–IV), four cerebellar GM components (I–IV), 
and one basal ganglia GM component (Figure 1). 
Compared to HC, MS patients showed significant GM 
atrophy (expressed as lower GM Lc) in all components 
(p range: <0.001–0.01), except for the cerebellar GM 
component II (p = 0.06). Compared to HC, RRMS 
patients showed GM atrophy in all components (p 
range: <0.001–0.04), except for cerebellar component 
III. Compared to RRMS, PMS showed atrophy in basal 
ganglia and cerebellar GM components I, III, and IV (p 
range: <0.001–0.04) (Table 2).

DTI analysis
Compared to HC, MS patients had reduced FA and 
increased MD in all WM tracts considered (Figure 1) 
(p range: <0.001–0.01). Similar results were found in 
RRMS versus HC, except for superior cerebellar 
peduncle FA (right: p = 0.06; left: p = 0.21). Compared 
to RRMS, PMS patients had more severe damage in 
all analyzed WM tracts, except for left superior cere-
bellar peduncles MD (p = 0.07) (Table 2).

RS FC analysis
Figure 2 shows left- and right-hand RS FC maps of 
the whole sample. The comparison between HC and 
MS patients demonstrated both increased and 
decreased RS FC between left- and right-hand motor 
cortices and many regions associated with sensorimo-
tor and visuospatial functions (Figure 2, Table 3). 
Similar results were observed in RRMS versus HC. 
Compared to RRMS, PMS patients had reduced RS 
FC between the left-hand motor cortex and the right 

supplementary motor area, left hippocampal region, 
occipital areas, putamen, and postcentral gyrus (p 
range = 0.001–0.05). They also had reduced RS FC 
between the right-hand motor cortex and right precu-
neus and left cerebellum crus II (p = 0.04, for both 
areas) (Table 3).

Random forest analysis
Whole MS sample. Table 4 and Figure 3 summarize 
the results of random forest analyses in the whole MS 
sample. In MS patients, the most relevant predictors 
of EDSS score (OOB-R2 = 0.71) among those selected 
by the model were (in order of importance, first five 
listed) NBV, NGMV, atrophy of the cerebellar GM 
component I, right inferior cerebellar peduncle FA, 
and atrophy of basal ganglia GM component. Best 
predictors of right z9HPT performance (OOB-
R2 = 0.36) were right inferior cerebellar peduncle FA, 
NBV, NGMV, atrophy of cerebellar GM component 
III, and right inferior cerebellar peduncle MD. Best 
predictors of left z9HPT performance (OOB-
R2 = 0.38) were T1-LV, left inferior cerebellar pedun-
cle FA, T2-LV, NBV, and CC-body FA.

Best predictors of right-zEFTR performance (OOB-
R2 = 0.18) were NGMV, atrophy of sensorimotor and 
cerebellar GM components I and IV and right inferior 
cerebellar peduncle MD. Finally, left-zEFTR predic-
tors (OOB-R2 = 0.22) were left inferior and middle 
cerebellar peduncles FA, NGMV, as well as atrophy 
of cerebellar and sensorimotor GM components (IV 
and I, respectively).

MS phenotypes
Results in MS phenotypes are summarized in Table 5. 
In RRMS patients, EDSS was mainly predicted 
(OOB-R2 = 0.19) by atrophy of basal ganglia GM 
component, NBV, NGMV, CC-body MD, and 
CC-body FA.

Best predictors of right z9HPT performance (OOB-
R2 = 0.14) were NGMV, T2-LV, left cingulum FA, 
NBV, and right inferior cerebellar peduncle FA. Best 
predictors of left z9HPT performance (OOB-
R2 = 0.24) were left inferior cerebellar peduncle FA, 
T1-LV, atrophy of basal ganglia GM component, 
T2-LV, and CC-body MD. No predictors of right and 
left zEFTR performance were found.

In PMS patients, significant predictors were observed 
only linked to EDSS score (OOB-R2 = 0.16) and were 
atrophy of cerebellar GM component I and sensori-
motor GM component II, left inferior cerebellar 
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peduncle FA, and increased RS FC between left-hand 
motor cortex and inferior frontal gyrus (IFG).

Discussion
In this study, we applied a multimodal MRI approach 
to investigate the contribution of structural and func-
tional damage in motor-related areas to global clinical 
disability and hand-motor impairment in a large group 
of MS patients. Differently from a previous study, in 
which we analyzed large portions of central nervous 
system (CNS) by applying non-hypothesis-driven 

voxel-based methods in a large group of MS patients,15 
here we performed an a priori selection of motor-
related areas. In addition, we did not limit the analysis 
to MS patients as a whole, but also considered find-
ings in RRMS and PMS patients, separately, to 
explore whether the mechanisms leading to global 
and hand-motor impairment differ over the course of 
the diseases. Finally, we also included the EFTR to 
broaden hand-motor performance assessment.

In line with the literature,11,12,23,24 compared to HC, 
MS patients showed widespread brain damage, both 

Figure 1. Motor-related gray matter components identified with source-based morphometry and white matter tracts 
selected from the atlas.
Composite map of the nine relevant independent components (ICs) after the selection procedure (see text for further details), sorted into 
three subcategories: (A) sensorimotor (four components), (B) cerebellar (four components), and (C) basal ganglia (one component). 
(D) White matter tract atlas from which mean factional anisotropy and mean diffusivity values of relevant-motor tracts (Red: cingulum 
and external capsule; blue-scale: corpus callosum; red-yellow: internal capsule; yellow: superior cerebellar peduncles; black: middle 
cerebellar peduncles; green: inferior cerebellar peduncles) were extracted. Images are presented in neurological convention. IC: 
independent component; L: left; R: right; P: posterior; A: anterior.
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at global level, in terms of measures of LV and atro-
phy, and at regional level, in terms of atrophy, WM 
microstructural alterations, and RS FC abnormalities 
in the majority of motor-related areas and networks 
analyzed. Such a widespread damage was already 
detectable in RRMS patients and became more sig-
nificant in PMS patients, confirming that these typical 
features of MS pathology occur with different grades 
across the main stages of the disease.11,12,23,24

In RRMS patients, random forest analyses identified 
as predictors of clinical impairment (both global clini-
cal disability and hand-motor impairment) several 
structural MRI measures of global CNS damage and 
of injury to motor-related areas, indicating that in this 
phenotype both the global amount of structural CNS 
damage and the involvement of clinically relevant 
areas/networks contribute to explain the severity of 
disease clinical manifestations. At global level, 
whole-brain and GM atrophy as well as focal WM 
lesions (T2- and T1-LV) confirm that widespread 
structural damage and irreversible tissue loss are 
associated with more severe clinical and motor disa-
bility in MS.11 At regional level, a significant contri-
bution of structural damage of the cerebellum was 
detected, both in terms of GM atrophy and cerebellar 
peduncle integrity. The cerebellum has a well-known 
role in motor performance, contributing not only to 
postural control25 but also to sensorimotor integration 
and movement coordination, which are fundamental 

especially for hand-dexterity tasks.15 Using DT MRI, 
previous studies have shown that part of MS clinical 
manifestations are related to damage to cerebellar 
WM tracts, probably as a consequence of a discon-
nection between the cerebellum and the cerebral hem-
ispheres.23 Not unexpectedly, EDSS and hand-motor 
impairment were also predicted by atrophy of basal 
ganglia component and structural integrity of the CC. 
By definition, these structures participate to different 
aspects of motor performance. The basal ganglia are 
involved in movement selection and timing,15,26 while 
CC integrity has been associated with inter-manual 
motor function in patients with MS.27 Of note, for 
none of the outcome clinical measures, random forest 
analysis identified measures derived from the analysis 
of RS FC of the hand-motor networks among the pre-
dictors. Such technique might be scarcely informative 
due to the wide variety of clinical manifestations 
which characterize this phenotype and for the high 
heterogeneity in RS FC modifications which these 
patients could experience in order to compensate the 
brain structural damage and disability accumulation.

The identification of the MRI correlates of motor 
impairment in RRMS patients is of fundamental 
importance because it may help to identify biomark-
ers which can guide medical and rehabilitative inter-
ventions, in a phase in which disability can be partially 
reversible.28 In line with this, we were able to classify 
and rank in order of relative importance not 

Figure 2. Resting state functional connectivity seed-based approach and differences between multiple sclerosis patients 
and healthy controls.
First row: seed regions on 3DT1-weighted images and left- and right-hand resting state (RS) functional connectivity (FC) probability 
maps (SPM12, one-sample, p < 0.05, family-wise error corrected for multiple comparison, cluster extent = 5; t values encoded in 
red-yellow). Second row: differences in left- and right-hand motor cortex RS FC between multiple sclerosis (MS) patients and healthy 
controls (HC) (SPM12, age- and sex-adjusted linear models, p < 0.001 uncorrected, cluster extent = 5; t values encoded in red-yellow for 
increased and in blue-light blue for reduced left- and right-hand motor cortex RS FC). Images are presented in neurological convention. 
See text for further details.
RS: resting state; FC: functional connectivity; L: left; R: right; P: posterior; A: anterior; MS: multiple sclerosis; HC: healthy controls.
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Table 4. Informative MRI predictors of the Expanded Disability Status Scale (EDSS) score, right and left nine-hole peg 
tests (9HPT) and right and left electronic finger tapping rate tests (EFTR) in MS patients, selected with random forest 
analyses, ordered by their relative importance (p < 0.05).

Predictor Relative 
importance

p

EDSS (OOB-R2 = 0.71, OOB-MSE = 0.29)

 Normalized brain volume 100.0 <0.001

 Normalized gray matter volume 78.7 <0.001

 Cerebellar gray matter component I 62.1 0.002

 Right inferior cerebellar peduncle FA 50.7 0.002

 Basal ganglia gray matter component 35.1 0.01

 Cerebellar gray matter component IV 34.0 0.005

 Left middle cerebellar peduncle FA 30.5 0.01

 Left inferior cerebellar peduncle FA 28.6 0.01

 Cerebellar gray matter component III 28.5 0.01

 Right corticospinal tract FA 26.4 0.01

 T2-lesion volume 24.9 0.01

 T1-lesion volume 23.8 0.02

 Corpus callosum body MD 21.8 0.02

 Sensorimotor gray matter component III 20.6 0.02

 Corpus callosum FA 20.1 0.01

 Right middle cerebellar peduncle FA 19.5 0.02

Right z9HPT (OOB-R2 = 0.36, OOB-MSE = 0.64)

 Right inferior cerebellar peduncle FA 100.0 0.006

 Normalized brain volume 96.3 0.01

 Normalized gray matter volume 84.2 0.02

 Cerebellar gray matter component III 73.2 0.01

 Right inferior cerebellar peduncle MD 58.6 0.01

 Cerebellar gray matter component IV 50.4 0.04

 Cerebellar gray matter component I 42.8 0.04

Left z9HPT (OOB-R2 = 0.38, OOB-MSE = 0.62)

 T1-lesion volume 100.0 <0.001

 Left inferior cerebellar peduncle FA 73.6 0.004

 T2-lesion volume 64.7 0.004

 Normalized brain volume 54.6 0.005

 Corpus callosum body FA 49.3 0.005

 Corpus callosum body MD 46.1 0.006

 Left superior cerebellar peduncle FA 42.8 0.006

 Normalized gray matter volume 39.2 0.02

 Sensorimotor gray matter component III 32.3 0.03

 Left middle cerebellar peduncle FA 32.0 0.04

 Left inferior cerebellar peduncle MD 28.4 0.02

 Left superior cerebellar peduncle MD 26.7 0.02

Right zEFTR (OOB-R2 = 0.18, OOB-MSE = 0.82)

 Normalized gray matter volume 100.0 0.004

 Sensorimotor gray matter component I 52.5 0.03

 Cerebellar gray matter component IV 41.2 0.04

 Right inferior cerebellar peduncle MD 29.3 0.048

Left zEFTR (OOB-R2 = 0.22, OOB-MSE = 0.78)

 Left inferior cerebellar peduncle FA 100.0 0.007

 Left middle cerebellar peduncle FA 95.6 0.009

(Continued)
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Predictor Relative 
importance

p

 Normalized gray matter volume 85.4 0.01

 Cerebellar gray matter component IV 70.0 0.01

 Sensorimotor gray matter component I 68.0 0.01

 Normalized brain volume 60.4 0.04

 Cerebellar gray matter component III 54.2 0.03
 Left superior cerebellar peduncle FA 49.2 0.01

EDSS: Expanded Disability Status Scale; 9HPT: nine-hole peg test; EFTR: electronic finger tapping rate test; OOB: out of bag; 
OOB-MSE: out of bag mean squared error, prediction error on the out-of-bag observations; FA: fractional anisotropy; MD: mean 
diffusivity; RS: resting state; FC: functional connectivity.

Table 4. (Continued)

Figure 3. Informative MRI predictors of global disability and impaired hand performance in multiple sclerosis patients.
Bar charts showing relative importance of MRI predictors of Expanded Disability Status Scale (EDSS) score, right and left nine-hole 
peg tests (9HPT) and right and left electronic finger tapping rate tests (EFTR) in multiple sclerosis (MS) patients, selected with random 
forest analyses (p < 0.05). Bar colors reflect the magnitude of Spearman’s correlation of each predictor with the outcome.
EDSS: Expanded Disability Status Scale; GM: gray matter; ICP: inferior cerebellar peduncle; FA: fractional anisotropy; CC: corpus 
callosum; MCP: middle cerebellar peduncle; CST: corticospinal tract; LV: lesion volume; MD: mean diffusivity; z9HPT: nine-hole peg 
test z-score; SCP: superior cerebellar peduncle; zEFTR: electronic finger tapping rate test z-score.

only predictors of global disability but also those of 
hand-motor impairment. Interestingly, for both these 
analyses, atrophy of the basal ganglia network 
emerged among the best predictors of clinical impair-
ment. This is consistent with the early neurodegenera-
tive phenomena occurring at this level, as supported 

by volumetric studies performed in patients at differ-
ent stages of the disease.29

In patients with PMS, significant predictors were 
identified only for EDSS score and included atrophy 
of sensorimotor and cerebellar networks, damage to 
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the left inferior cerebellar peduncle and increased RS 
FC between left-hand motor cortex and IFG. All 
together, these limited numbers of variables explained 
only a minimal part of global disability (16%), indi-
cating that other factors, not included in our analysis, 

such as spinal cord damage and cortical lesions might 
be at work to explain clinical impairment in this phe-
notype.30,31 Interestingly, no measure of global dam-
age emerged in this analysis, which might be due to a 
plateau effect of the accumulation of widespread 

Table 5. Informative MRI predictors of the Expanded Disability Status Scale (EDSS) score, right and left nine-hole peg 
tests (9HPT) and right and left electronic finger tapping rate tests (EFTR) in RRMS and PMS patients, selected with 
random forest analyses, ordered by their relative importance (p < 0.05).

Predictors in RRMS patients Relative 
importance

p

EDSS (OOB-R2 = 0.19, OOB-MSE = 0.81)

 Basal ganglia gray matter component 100.0 <0.001

 Normalized brain volume 98.9 <0.001

 Normalized gray matter volume 43.0 0.01

 Corpus callosum body MD 42.4 0.009

 Corpus callosum body FA 38.2 0.02

 Right middle cerebellar peduncle FA 34.6 0.02

 Left middle cerebellar peduncle FA 31.5 0.03

 T2-lesion volume 30.7 0.02

 Right inferior cerebellar peduncle FA 26.3 0.047

 Left superior cerebellar peduncle MD 22.8 0.04

 Cerebellar gray matter component I 19.1 0.047

Right z9HPT (OOB-R2 = 0.14, OOB-MSE = 0.86)

 Normalized gray matter volume 100.0 0.008

 T2-lesion volume 77.1 <0.001

 Left Cingulum FA 71.3 0.01

 Normalized brain volume 69.7 0.02

 Right inferior cerebellar peduncle FA 62.5 0.03

 T1-lesion volume 56.0 0.02

 Cerebellar gray matter component I 42.6 0.02

Left z9HPT (OOB-R2 = 0.24, OOB-MSE = 0.76)

 Left inferior cerebellar peduncle FA 100.0 <0.001

 T1-lesion volume 75.4 0.004

 Basal ganglia gray matter component 74.8 0.003

 T2-lesion volume 68.9 0.001

 Corpus callosum body MD 65.9 0.003

 Left superior cerebellar peduncle MD 60.4 0.006

 Corpus callosum body FA 49.0 0.02

 Left inferior cerebellar peduncle MD 39.3 0.01

 Left middle cerebellar peduncle MD 31.8 0.03

Predictor in PMS patients Relative 
importance

p

EDSS (OOB-R2 = 0.16, OOB-MSE = 0.84)

 Cerebellar gray matter component I 100.0 0.02

 Sensorimotor gray matter component II 97.3 0.02

 Left inferior cerebellar peduncle FA 85.8 0.03
 Increased RS FC right inferior frontal gyrus(Left-hand RS network) 65.1 0.04

EDSS: Expanded Disability Status Scale; 9HPT: nine-hole peg test; EFT: electronic finger tapping rate test; OOB: out of bag; 
OOB-MSE: out of bag mean squared error, prediction error on the out-of-bag observations; FA: fractional anisotropy; MD: mean 
diffusivity; RS: resting state; FC: functional connectivity.
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structural damage. All these aspects could negatively 
influence the identification of univocal and clear pre-
dictors of impaired motor performance in PMS 
patients.

The importance of atrophy of the sensorimotor and 
cerebellar networks for global clinical disability in 
patients with PMS is in line with several previous 
studies32–34 and with the trajectory of atrophy 
spreading from deep GM structures to cortical GM 
areas described over the course of the disease.29 In 
PMS, in addition to measures of structural damage 
to motor-related regions, also increased RS FC 
between left-hand motor cortex and right IFG con-
tributed to explain clinical disability. This is a key 
area of the mirror-neuron system and modulation of 
its RS FC was found to underlie clinical improve-
ments following upper-limb rehabilitation in 
MS.18,35 Moreover, a previous active fMRI study 
showed that PMS patients experienced greater acti-
vation of frontal areas like the IFG during a simple 
upper-limb motor task, supporting the hypothesis 
that in advanced disease stages the exhaustion of 
brain-adaptive mechanisms might result in the 
involvement of previously silent second-order com-
pensatory areas, which however contributes to dis-
ability accumulation.13

This study is not without limitations. First, it is cross-
sectional. This allowed us to include a very large num-
ber of cases. However, longitudinal observations are 
needed to define the dynamic interplay between evolu-
tion of clinical deficits in the different phases of the 
disease and the accumulation of structural and func-
tional MRI abnormalities in the CNS. Second, to have 
informative data on a large number of patients (includ-
ing both RRMS and PMS), we performed an a priori 
selection of techniques and structures to include in the 
prediction models. Clearly, we cannot exclude that the 
analysis of other variables (e.g. spinal cord, cortical 
lesions) or MRI methods (focused entirely on upper-
limb motor regions) would have resulted in better clas-
sification models. Moreover, other upper-limb 
measures (e.g. Pinch and Jamar dynamometers or 
Action-Research Arm Test) as well as lower limbs ones 
could be used to provide a more comprehensive and 
specific assessment of limb motor function. Finally, 
cognitive impairment should be taken into account in 
future studies to better discriminate the motor-specific 
substrates of upper-limb motor performance.

In conclusion, global measures of atrophy and lesions as 
well as measures of structural damage of motor-related 

regions contribute to explain motor impairment in 
RRMS, whereas in PMS also increased RS FC between 
hand-motor cortex of non-dominant hemisphere and 
homolateral IFG significantly influence clinical disabil-
ity. Multiparametric MRI approaches could be relevant 
to investigate the substrates of motor impairment in dif-
ferent MS phenotypes.
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