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Impairments in Walking Ability, Dexterity, and Cognitive
Function in Multiple Sclerosis Are Associated with Different
Regional Cerebellar Gray Matter Loss
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Abstract Both histological and neuroimaging studies high-
light the role of the cerebellum in multiple sclerosis (MS).
There is at least some evidence for associations of cerebellar
gray matter (GM) loss with motor and cognitive ability. We
therefore correlated motor and cognitive ability scores (the
multiple sclerosis functional composite MSFC) with regional
cerebellar GM volumes. We used voxel-based morphometry
(VBM) to assess the regional GM volume loss in a cohort of
45 MS patients. For the regression analysis, we used the clin-
ical subscores of the multiple sclerosis functional composite
(25-ft walk test (T25FW), nine-hole peg test (9HPT), paced
auditory serial addition task (PASAT)). Decreased GM in dis-
tinct cerebellar areas was associated with different subscores
of theMSFC in Larsell’s lobule VI with the T25FW (t = 5.16),
in lobule IX with the 9HPT (t = 3.95), and in lobule IX with
the PASAT (t = 4.81). Regional volume decrease in distinct
cerebellar areas involved in motor and cognitive domains
were associated with clinical impairment in these fields. Our
data confirm the relationship between cerebellar GM volume
loss and disability, extending the knowledge in the functional
neuroanatomical perspective.
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Introduction

For many years, multiple sclerosis (MS) has been regarded as
a white matter (WM) disease. Due to advances in both neuro-
imaging and histopathological research, MS currently is con-
sidered as a complex inflammatory and degenerative disease
with gray matter (GM) and WM pathology [1, 2]. Post
mortem studies revealed GM lesions in 30% of all patients
with MS with a greater proportion in progressive disease
courses [3]. GM pathology differs within the brain and is more
pronounced in the cerebellum and spinal cord than in the
cerebrum [4]. However, a few recent neuroimaging studies
focused especially on the cerebellum, demonstrating an asso-
ciation of cerebellar white matter integrity [5] or cerebellar
posterior lobe volume [6] to clinical disability or cognitive
function.

The cerebellum is an extremely complex structure linked
with several cortical areas via cortico-ponto-cerebellar or
cerebello-thalamo-cortical loops. Besides its well-understood
role in motor processing, the cerebellum has a function in
emotional [7] and cognitive processing [8]. The increasing
number of cerebellar imaging studies in healthy and lesioned
patients led to a concept of cerebellar functional topography,
with a more anterior hemisphere location of motor function
and more posterior hemisphere location for cognitive function
[9, 10].

To assess and quantify functional disabilities, the multiple
sclerosis functional composite (MSFC) [11] is well
established. It combines three different dimensions: the timed
25-ft walk test (T25FW), judging leg function or ambulation;
the timed nine-hole peg test (9HPT), judging upper extremity
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function; and the 3-paced auditory serial addition task
(PASAT), evaluating cognitive function. With the MSFC
subscores, ambulation, visually guided hand function and
cognition can be assessed very reliable and valid [12].
Additionally, it strengthens the cognitive domain in compari-
son to the EDSS [12].

Here, we intended to investigate whether the different di-
mensions of clinical impairments, assessed by the T25FW, the
9HPT, and the PASAT, are related to regional cerebellar GM
volume loss.

We therefore used voxel-based morphometry (VBM) [13]
to delineate the GM changes and to correlate the individual
regional cerebellar GM volume to the MSFC subscores. We
hypothesized that the associated regional cerebellar GM loss
might be located on specific cerebellar areas involved in either
motor or cognitive domains.

Methods

Subjects

Forty-five MS patients attending our clinic were included in
the retrospective analysis. Eligible patients had to fulfill the
2010 McDonald criteria [14] of clinical definite MS and had
to undergo their clinical indicated brainMRI for annual follow
up within 30 days after clinical assessment. Exclusion criteria
were an acute relapse, steroid therapy within 30 days prior to
enrolment, a history of psychiatric disorders other than MS-
related depression, and other known central nervous system
diseases. The study was approved by the Ethics Committee of
the Medical Faculty of the University of Greifswald (BB 002/
14).

On clinical assessment, disability was rated using the
Expanded Disability Status Scale (EDSS) [15]. We also
assessed depression with the Beck Depression Inventory
(BDI) [16] and fatigue using the Fatigue Severity Scale
(FSS) [17]. MSFC consists of three subtests: T25FW, measur-
ing time (in seconds) to walk 25 ft; the 9HPT, scoring the time
(in seconds) spent to insert and remove nine pegs in nine holes
(as mean of two runs of the dominant hand); and the PASAT,
expressed in number of correct answers.

Demographic and clinical characteristics are summarized
in Table 1.

Image Acquisition

All images were acquired using a 3 Tesla MRI scanner
(Magnetom Verio, Siemens Medical Systems, Erlangen,
Germany) and a 32-channel head coil for signal detection.

For imaging analysis, the following sequences were used:
(1) sagittal 3D T1-weighted magnetization-prepared rapid ac-
quisition gradient echo (MPRAGE) sequence. Imaging

parameters were TR 1900 ms, TE 3.37 ms, and matrix size
256 × 176 pixel with 1-mm isotropic voxel size; (2) 2D fast
fluid-attenuated inversion recovery (FLAIR) sequence in axial
plane have the following parameters: TR 9000 ms, TE 73 ms,
TI 2500ms, matrix 512 × 512 pixels, voxel size 0.9 × 0.9 mm,
and 3-mm slice thickness with 1-mm gap.

Preprocessing

Data analysis was performed with Statistical Parametric
Mapping 8 (SPM8; Wellcome Department of Cognitive
Neurology, University of London) and the toolboxes Lesion
segmentation tool (LST) and VBM8 developed by Christian
Gaser (Department of Psychiatry, University of Jena) using
MATLAB 7.8 (The MathWorks, Natick, MA) environment.

Lesion segmentation prior to VBM was done to avoid tis-
sue misclassification [18]. Lesion segmentation using LST
was performed using a semi-automated technique based on
local thresholding as described previously [19, 20]. The algo-
rithm ends in binary lesion masks needed to fill the original
T1-weighted images required for further processing.

VBM preprocessing was done with the VBM8 toolbox
implemented in SPM. Lesion-filled T1-weighted images were
segmented into GM and WM using tissue probability maps.
The segmented and registered images were then normalized
with the high-dimensional BDiffeomorphic Anatomical
Registration using Exponentiated Lie algebra^ (DARTEL)
normalization [21]. Modulation was performed in a nonlinear
way only using the Jacobian determinants derived from the
relative volume changes during the normalization process in
order to account for individual brain size and to infer absolute
regional volume differences [22]. Finally, normalized and
modulated GM and WM segments were convoluted with a

Table 1 Demographic, clinical, and MRI characteristics of the MS
patients included

Disease course (RRMS/SPMS) 40/5

Age (years)a 40.3 ± 11.1

Sex (male/female) 20/25

Disease duration (years)b 6.7 (1–21)

EDSSc 1.5 (0–7.5)

FSSa 4.3 ± 1.8

BDIa 8.6 ± 7.6

T25FW (sec)a 5.2 ± 3.5

9HPT (sec)a 18.2 ± 4.4

PASAT (corr. answers)a 48.2 ± 9.4

WM lesion volume (ml)a 9.0 ± 9.2

Total brain GM volume (ml)a 587.9 ± 90.3

aMeans ± standard deviations
bMeans (min, max)
cMedian (range)
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12-mm full width at half maximum (FWHM) Gaussian
smoothing kernel to allow parametric comparisons and to
compensate for potential inaccuracies resulting from spatial
normalization.

Statistical Analysis

WM lesion volumes and WM volumes were calculated using
LST, total regional GM volumes, and cerebrospinal fluid
(CSF) volumes were calculated using VBM8. Correlations
between individual GM images and T25FW, 9HPT, and
PASATwere calculated by regression analysis with each score
(T25FW, 9HPT, or PASAT) as the covariate and sex and age,
WM lesion volumes and intracranial volume (ICV = WM le-
sion + WM + GM + CSF) as confounding factors.

As we were interested only in the cerebellum, we used a
region of interest approach. The cerebellum ROI was marked
using an anatomic atlas for automatic labeling of structural
brain images normalized into MNI space [23]. For the ROI
analyses using the cerebellum ROI mask, results were
assessed at a threshold of p < 0.05 corrected for multiple
comparisons using the family-wise error (FWE) rate and an
additional cluster threshold of >10 voxel.

Results

Clinical and Conventional MRI Findings

Table 1 summarizes the demographic, clinical, and conven-
tional MRI findings of the patients included. Median EDSS
was 1.5 (range 0–7.5), mean WM lesion volume was
9.0 ± 9.2 ml, and mean total GM volume was 588 ± 90 ml.

Regional GM Analyses Using VBM

A significant inverse correlation was found for the T25FW
and gray mat te r vo lume in Larse l l ’s lobu le VI
bihemispherically (peak in MNI coordinates, 20 −51 −29;
t = 5.16; p(FWE) = 0.013). In addition, the PASAT was pos-
itively associated with GM volume in crus II (MNI coordi-
nates, 3 −78 −35; t = 4.81; p(FWE) = 0.032). The correlation
between 9HPT and the regional GM volumes revealed no
significant association at p(FWE) < .05, but a cluster in
Larsell’s lobule IX (MNI coordinates, −6 −54 −50; t = 3.95)
reached significance at a more liberal threshold (p-
(uncor.) < 0.001; Figs. 1 and 2).

Discussion

Latest histological studies indicated the important role of the
cerebellum in MS [24]. Neuropathological studies revealed

40% cerebellar GM pathology on average, with an increasing
range up to 90% cerebellar GM pathology in progressive MS
[25]. This predominance of cerebellar GM pathology in pro-
gressive MS is supported by imaging studies, but cerebellar
GM volume loss is also detectable at the first stages of MS
[25, 26]. The association between clinical impairment and
cerebellar GM volume is not well understood yet, but at least
a few studies indicate an association between total EDSS or
the cerebellar functional system score to cerebellar GM or
lesion volume [26, 27]. Two recent studies additionally re-
vealed the association between cerebellar GM volume de-
crease and cognitive [28] as well as cognitive and motor
[29] performance. Our VBM results confirm these data and
demonstrate an association between all MSFC scores and re-
gional cerebellar GM volume loss.

For the walking ability, the peak of linear regression anal-
ysis was found in Larsell’s lobule VI, encompassing to the
lobule III. These regions are well connected to the primary
motor cortex and are also organized in a somatotopic manner
[30]. An association between the T25FW and cerebellar GM
volume loss in areas that are connected to cortical motor areas
appears plausible, considering the strong correlation of the
T25FW (walking ability) to the EDSS [31].

The 9HPT assesses upper extremity motor and tactile cog-
nitive function. Functional MRI studies on similar sensorimo-
tor tasks demonstrated activation in cerebellar areas, especial-
ly on Larsell’s lobule VIII and IX [10]. In MS patients,
Anderson et al. demonstrated an association between the loss
in total cerebellar volume and the decreased performance
scores in the 9HPT [27]. In the present study, focal GM loss
in lobule IX was associated with the impairment in this task,
albeit not reaching significance at the more conservative sta-
tistical threshold. However, our data are supported by
Sbardella and colleagues. In their VBM study of 36 mildly
impaired RRMS patients (EDSS range 1–4.5), the authors
demonstrated statistically significant (p(FWE corr.) < 0.05)
focal cerebellar GM volume loss in the same clusters as in
our study [32].

Functional MRI studies have been published on represen-
tation sites involved in the performance of the PASAT for
healthy participants or MS patients [33]. In these studies, the
cerebellar activation was prominent mainly on crus I and crus
II, which is supported by the findings of a meta-analysis fo-
cusing on cognitive function in the cerebellum [9]. In another
approach, Valentino et al. compared MS patients with and
without clinical cerebellar dysfunction. With respect to cogni-
tive testing, the group with cerebellar dysfunction had worse
cognitive abilities, which again suggests the important role of
the cerebellum in cognition [34]. Our findings of a GM loss in
crus II in association with a decrease in the PASAT perfor-
mance strongly support this thesis.

In the cerebellum, spatial contents are processed more left-
hemispherically, whereas more cognitive and language-
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related topics are processed bihemispherically or right-
hemispherically [9, 10]. In our data, this is confirmed by a
more left-sided 9HPT association, and a more right-
lateralized association to the PASAT score.

We are aware of several limitations of our study. First of all,
our study only retrospectively analyzed a small cohort of pa-
tients with a distribution in sex and disease course which is not
representative in the MS population. Our data are confirmed
by other studies [32] indicating the validity of our results, but
larger study populations have to be investigated. In our data,
both the GM volumes and the WM lesion volumes are com-
parable to other studies [28, 29, 32], again indicating the va-
lidity of the results. Second, we only included patients without
a control group. Third, we only used one score for ambulation
(T25W), upper limb motor function (9HPT), and cognition
(PASAT).We are aware that these domains cannot be assessed
sufficiently by only one score, and that there are some weak-
nesses of the scores itself in the relationship to the cerebellum
[35, 36]. There also is a broad literature about cerebellar dam-
age and cognitive impairments, mainly processing speed, in
MS [37–39]. Here, the aim of our study was to evaluate the

association between the commonly used MSFC and the re-
gional cerebellar GM volume loss in MS.

Additionally, there are a few methodological limitations.
First, we only acquired 2D FLAIR images for WML detection.
The initially described LST algorithm compared different
FLAIR sequences indicating the possibility to use 2D FLAIR
images without losing too much information in VBM [20]. In
the LST algorithm, the FLAIR sequences are needed to classify
the T1 lesions. The adjacent VBManalysis only based on the T1
images, so that the underestimation of WM lesions is not
influencing the GM volume data. Second, VBM of the cerebel-
lum has some difficulties. There are different approaches for
spatial alignment according to cerebellar GM structures [40].

In sum, our data demonstrate in MS patients with clinical
impairment in the upper and lower extremity function or im-
pairment in cognitive skills that specific locations of cerebellar
GM volume loss are associated with distinct clinical deficits
according to the MSFC. This confirms existing knowledge of
widespread cerebellar GM pathology in association to clinical
impairment and demonstrates the regional differences in cer-
ebellar pathology in MS.

Fig. 2 Superimposed results of
regression analyses on the
MRIcron MNI-brain for T25FW
(red), 9HPT (blue), and PASAT
(green)

Fig. 1 Peak voxel for VBM
analyses correlating with the
T25FW, the 9HPT, and the
PASAT
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