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Altered cerebellar functional connectivity mediates potential
adaptive plasticity in patients with multiple sclerosis
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Background: The cerebellum is of potential interest for understanding adaptive responses in motor control
in patients with multiple sclerosis because of the high intrinsic synaptic plasticity of this brain region.
Obijective: To assess the relative roles of interactions between the neocortex and the cerebellum using
measures of functional connectivity.

Methods: A role for altered neocortical-cerebellar functional connectivity in adaptive responses to injury
from multiple sclerosis was tested using 1.5 T functional magnetic resonance imaging (fMRI) during figure
writing with the dominant right hand in patients with predominantly early relapsing-remitting multiple
sclerosis.

Results: Patients (n=14) showed a more bihemispheric pattern of activation in motor cortex than healthy
controls (n=11). Correlations between task related signal changes in neocortical and cerebellar regions of
interest were used as a measure of functional connectivity. Healthy controls showed strong functional
connectivity between the left motor cortex and the right cerebellar dentate nucleus. Significant connectivity
between the left primary motor cortex and the right dentate was not found in patients. However, patients
had significant connectivity between the left premotor neocortex and the ipsilateral (left) cerebellar cortex
(crus 1), which was not found in healthy controls.

Conclusions: Changes in apparent cerebellar-neocortical functional connectivity may mediate potentially
adaptive changes in brain motor control in patients with multiple sclerosis. Similar changes in the
cerebellum and premotor cortex have been reported in the healthy brain during motor learning,
suggesting that common mechanisms may contribute to normal motor learning and motor recovery after
injury from multiple sclerosis.

functional recovery from relapses, even though associated

axonal injury is largely irreversible."” Functional reorgani-
sation may play a role in such apparent compensation for
injury. This occurs after a stroke, for example, in both animal
models and humans.”* Potentially reflecting this, increased
ipsilateral motor cortex activation is found during motor
tasks in patients with multiple sclerosis.”” The extent of
changes is related directly to measures of disease severity
(see, for example, Lee ef al” and Rocca et al'®). There is now
direct evidence from transcranial magnetic stimulation
interference studies that the ipsilateral motor cortex con-
tributes to movement control in patients after stroke, and
that the nature of this contribution is distinct from that in the
healthy brain."

However, the functional effects of interference with
ipsilateral motor cortex activity alone are modest, even after
brain injury." In conjunction with an appreciation for the
wide distribution of brain regions contributing to motor
control, this suggests that other areas must also be involved.
Consistent with this, functional changes in widely distributed
regions (including subcortical structures such as the cere-
bellum) have been reported in patients with multiple
sclerosis performing a simple finger tapping task.” The
cerebellum could be particularly important for adaptive
responses to injury because of its high intrinsic synaptic
plasticity.” For example, the cerebellum has a well described
and key role in functional plasticity of the motor system
during skill learning by the healthy brain."*"*

We applied functional magnetic resonance imaging (fMRI)
to test for changes in neocortical-cerebellar functional
connectivity with a skilled but overlearned hand movement
(figure writing) in patients with multiple sclerosis. We did

I n the early stages of multiple sclerosis, there can be good
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this by assessing correlations between signal intensity
changes in selected neocortical and cerebellar regions of
interest.

METHODS
Clinical details
We recruited 11 right handed healthy controls (median age
37 years (range 27 to 43); five male, six female) and 14 right
handed outpatients with clinically stable relapsing-remitting
multiple sclerosis (median age 37 years (range 18 to 52); five
male, nine female; mean disease duration 3.6 years (range 1
to 8)). Patient disability was minimal as assessed by the
expanded disability status score (EDSS) (median EDSS, 1.0
(range 1.0 to 2.5)). Their clinical features are given in table 1.
All patients had been relapse-free for at least three months
before the study. No patients had tremor or ataxia. None had
weakness or sensory symptoms, or signs affecting the right
hand.

All subjects gave their informed consent for participation in
the study, which was approved by the ethics committee of the
faculty of medicine in the University of Siena, Italy.

Functional assessment

Patients showed no symptoms or clinical signs of upper limb
impairment and were able to perform simple figure writing as
well as the controls. Before entering the scanner, patients and
controls traced around five predrawn figure 8s as accurately

Abbreviations: EDSS, expanded disability status score; FILM, FMRIB's
improved linear model; FLAME, FMRIB's local analysis of mixed effects;
FMRIB, Oxford Centre for Functional Magnetic Resonance Imaging of
the Brain; LI, lateralisation index; MCFLIRT, motion correction using
FMIRB’s linear image registration tool; RO, region of interest


http://jnnp.bmj.com

Cerebellar plasticity in MS 841
Table 1 Clinical characteristics of patients with multiple sclerosis
Age Disease duration Lesion volume Brain volume
Patient Sex (years) (years) EDSS (em®) (/104 (em®) Performance product
1 M 29 6 1.5 7.55 1.69 168.2
2 M 18 0.6 1 1.19 1.60 219.5
3 F 37 0.1 1.5 0.23 1.61 109.3
4 F 45 6 2.5 15.40 1.50 1186.1
5 F 40 4 1 1.43 1.57 126.8
6 F 41 6 1 11.03 1.58 138.5
7 F 39 3.5 1 3.01 1.50 106.6
8 F 30 2 1 12.40 1.60 132.1
9 F 37 2.5 1.5 11.03 1.59 182.7
10 M 27 1 1.5 0.92 1.72 26.4
11 M 30 1 1 2.18 1.66 65.5
12 F 34 8 1 0.51 1.64 42.6
13 F 52 3.3 2.5 0.32 1.59 11.9
14 M 45 6 2.5 13.80 1.41 78.4
Mean (SD) 36 (9) 3.6 (3.4) 1.5 (0.6) 57(57) 1.59 (0.10) 185.32 (294.17)
Control mean (SD) 35 (5) 1.61 (0.04) 3.6 (1.5)
Performance product: the mean area covered outside of the predrawn figures and the mean time taken to draw around them were measured fo provide an index of
subject performance (performance product) = mean time x mean area.
EDSS, extended disability status score; F, female; M, male.

and as quickly as possible. The mean area covered outside of
the predrawn figures and the mean time taken to draw
around them were measured to provide an index of subject
performance (performance product = mean time x mean
area).

fMRI scanning and paradigm

Imaging was undertaken with a Philips Gyroscan ACS NT
1.5 T scanner. BOLD multishot echo-planar images were
acquired (time of repetition (TR)=3000 ms, time of echo
(TE) = 40 ms, flip angle = 90°, 20 contiguous axial slices of 7
mm thickness acquired parallel to a line defined by the
anterior and posterior commissures and including brain from
the base of the cerebellum to the vertex, field of view (FOV)
250x250 mm?, 128x128 matrix). High resolution whole
brain structural scans were acquired using a Tl weighted
sequence (TR=20 ms, TE=3 ms, flip angle=20° 25
contiguous slices of 5 mm thickness acquired parallel to the
AC-PC plane). Turbo spin echo T2 weighted scans were also
obtained for each subject (TR=2075 ms, TE=90 ms,
FOV = 250x%x250 mmz, 256 %256 matrix, signal average =1,
providing 50 contiguous slices of 3 mm thickness acquired
parallel to the AC-PC plane).

Subjects lying supine in the scanner were asked to write
8" repeatedly on paper in a cursive manner (without lifting
the hand) for 30 seconds with a pencil in their right hand, to
complete a figure every second. This was alternated with 30
second periods of rest. During both conditions the subjects
were asked to fix their gaze on a red flashing light cue
positioned at the end of the magnet. Each subject undertook
six paired rest and writing blocks for a single functional scan
and had six functional scans during each session. All subjects
were monitored visually throughout the scanning for non-
task-related movements.

Image analysis

The data were processed and analysed using advanced image
analysis tools from the Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain (FMRIB)
Software Library (available at http://www.fmrib.ox.ac.uk/
fsl). Before statistical analysis, motion correction using
MCFLIRT," spatial smoothing (Gaussian kernal of 5 mm
full width at half maximum), intensity normalisation, and
non-linear high pass temporal filtering were applied.
Statistical analysis was done using the general linear model
with FMRIB’s improved linear model (FILM)'® to generate
activation maps expressing relative signal change in active

versus rest blocks. Cluster detection was undertaken on
voxels at a threshold of z >2.3. A probability threshold of
p<<0.01 was then applied to determine significant clusters.

Using FLIRT,"” the functional images were registered to the
high resolution T1 weighted scan and transformed into a
standard brain space based on the MNI 152 template." Mixed
effects analysis using FLAME® was used to contrast activa-
tion patterns between groups.

Generation of ROl masks

Regions of interest (ROI) were defined bilaterally on each
individual’s high resolution T1 weighted structural image
using anatomical landmarks identified on the T1 weighted
structural scan (fig 1):

® Primary motor cortex (M1), defined as the posterior half of
the precentral gyrus, extending on the lateral surface of
the cortex to the midline and from the vertex of the brain
to the level of the superior aspect of the lateral ventricles
caudally.

® Premotor cortex (PM), defined as the anterior half of the
precentral gyrus, the precentral sulcus, and the middle
frontal gyrus up to the lateral fissure anteriorly, the lateral
surface of the cortex to the midline and from the vertex of
the brain to the level of the superior aspect of the lateral
ventricles caudally.

® (Crus I, defined in the lateral cerebellar hemisphere,”
extending rostro-caudally between the superior and
inferior aspects of the dentate nucleus.

® Dentate (DN), defined as midline and paravermian central
to cerebellar white matter.”!

Calculation of lesion volume

Lesion volumes were semimanually defined on T2
weighted axial scans for each patient using edge threshold-
ing.* Hyperintense lesion volumes of more than 3 mm in
diameter were summed to provide a total brain lesion volume
(table 1).

Calculations of brain volume
Measurements of brain size (normalised for head size) were
made for each patient on T1 weighted structural scans as an
estimate of disease burden related atrophy, using SIENAX, a
fully automated tool* (table 1).
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Figure 1

each subject to include areas of interest in a rostral-caudal direction. Crus |, latera

Representative regions of interest (ROI) drawn on axial slices of one sublects T1 structural scan. The ROl were outlined on several slices for

cerebellar hemisphere; DN, dentate nucleus region; M1, primary

motor cortex; PM, premotor cortex; PSMA presupplementary motor area; SMA, supplementary motor area.

Data analysis

The mean positive signal intensity change in each ROI was
obtained from the parameter estimates image for each
subject. This allowed the calculation of a lateralisation index
(LI = [C—I]/[C+I], where C = mean contralateral and
I = mean ipsilateral signal intensity change) for M1, PM,
crus I, and DN regions. The LI has values between 1 (positive
signal change only in the side contralateral to the hand
moved) and —1 (positive signal change only in the side
ipsilateral to the hand moved). To assess whether activation
was significantly less lateralised in patients than in control
subjects, two tailed Mann-Whitney tests were used to
compare signal intensity changes and LIs for each ROI.
Relations between cortical and cerebellar signal intensity
change were assessed for correlations using a Pearson
correlation coefficient. As described in previous reports (see,
for example, Koski and Paus® and Horwitz et al’’), such
correlations can be used as measures of functional con-
nectivity between brain regions. A correction for multiple
comparisons was applied.

RESULTS

We studied patients with predominantly early relapsing-
remitting multiple sclerosis, along with age matched, healthy
controls. The lesion load was modest (mean 5.7 cm’; range
0.2 to 15.4 cm?) for the patients (n = 14), and their mean
normalised brain volume was similar to that of the controls
(mean (SD) brain volume of patients, 1.59x10° (100) cm?;
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controls, 1.61 x10° (40) cm?®). Task performance was assessed
by a timed figure writing trial. There was no difference in
either time (f= —0.774, df =23, p=0.447), area included
between the template and traced lines (f=0.054, df =23,
p=0.958), or performance product (f=—0.711, df =23,
p =0.484) between controls and patients. No ‘“‘mirror”
movements of the contralateral hand were observed during
the writing task for any of the patients.

Both patients and controls activated a distributed network
of regions associated with movement, including the motor
cortex and cerebellum (fig 2; table 2). There were no
differences in localisation between centres of activation in
patients and controls. However, consistent with previous
studies,” patients showed a more bihemispheric pattern of
motor cortex activation. This hemispheric activation asym-
metry was assessed quantitatively for premotor (PM) and
primary motor (M1) cortical regions of interest. There was a
reduction of over 50% in the PM LI in patients (U = 32.50,
p=0.013) (mean (SD) PM LI for controls, 0.37 (0.18); mean
PM LI for patients, 0.18 (0.18); (fig 3)). This difference in LI
primarily was caused by increased signal intensity changes in
the right premotor cortex in patients relative to controls
(U=29, p=0.008). M1 activation lateralisation was not
significantly different between patients and controls (mean
M1 LI for controls, 0.60 (0.10); mean M1 LI for patients, 0.54
(0.13)).

The relations between the relative changes in cerebral
cortex and cerebellar signal intensities within individual
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subjects offer measures of neocortical-cerebellar functional
connectivity (see, for example, Koski and Paus* and
Horwitz et al”). These were different between patients
and controls (table 3). The control group showed the
expected® *” strong ‘“‘crossed” correlation between activa-
tion changes in the left M1 and right dentate ROI, which
was not found in multiple sclerosis patients. No ipsilateral
correlations were found in controls, but patients showed
a significant ipsilateral correlation between the left
PM cortex and the left cerebellar hemisphere (crus I)
(table 3).

No significant relation was found between either LI or
regional signal changes and brain volumes, lesion volumes,
or EDSS.

DISCUSSION

This study extends the description of changes that occur in
brain motor control in response to injury from multiple
sclerosis. Along with other recent reports,® ' ** it emphasises
that functional changes occur early in the clinical course of
multiple sclerosis, and that they need not be accompanied by
identifiable performance deficits. As found in similar
previous studies, the patients with multiple sclerosis showed
increased ipsilateral premotor activation relative to con-
trols.” * ** What is novel here is the characterisation of the
associated, altered neocortical-cerebellar functional connec-
tivity. Increased connectivity was found in patients with
multiple sclerosis between the premotor cortex contralateral
to the hand moved and the cerebellar cortex (the input region
for the cortico-ponto-cerebellar projection system) on the
same side, with decreased connectivity relative to healthy
controls for the crossed cerebellar output (dentate) projec-
tions to the same premotor cortex.”” Potentially adaptive
responses to injury thus affect not only activity in specific
regions, but also interactions befween regions in the dis-
tributed network for motor control. The results suggest a role
for the cerebellum in mediating adaptive changes to injury
from multiple sclerosis.
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Figure 3 Comparison of mean lateralisation indices (LI) between
control and patients groups. Patients had a significantly lower LI (more
bilateral activation) in PM compared with the control group (*p=0.013).
M1, primary motor cortex; PM, premotor cortex. Error bars show
siamﬁtrd deviations.

The cerebellum may have a special role in forms of brain
functional plasticity.”*”* Cerebellar connections allow rapid,
activity dependent alterations in synaptic efficiency.”” **
Functional imaging has defined increases in cerebellar
activation with learning that involve both the cerebellar
hemispheres and the dentate nucleus, the origin of efferent
dentato-thalamo-cortical and dentato-thalamo-striate
tracts.”” A notable aspect of earlier stages of motor learning
is increased recruitment of the cerebellum bilaterally, in a
similar fashion to the pattern found here for patients."
Damage to the cerebellum impairs forms of implicit learn-
ing.” > Increased cerebellar activity is associated with better
outcome in patients after stroke.*

An increase in functional connectivity to the cerebellar
hemisphere contralateral to the hand moved was observed
here with the patients. Increases in activity in the con-
tralateral cerebellar hemisphere are also found with motor
learning in healthy subjects.'”* This may reflect recruitment

Figure 2 Mean random effects statistical activation maps for (A) control and (B) multiple sclerosis patient groups, demonsrra’ring regions of significant

activation during writing (z >2.3, p=0.01, corrected). Activation is averaged over six runs for each subject and superimpose

on a standard space

image. Numbers represent: 1, middle frontal gyrus; 2, medial frontal gyrus (supplementary motor area); 3, precentral g{yrus; 4, posteentral gyrus; 5,
u

inferior frontal gyrus; 6, inferior parietal lobule; 7, putamen; 8, thalamus; 9, dentate nucleus; 10, superior parietal lob:

12, inferior frontal gyrus; 13, crus I. L, left, R, right.

e; 11, superior frontal gyrus;
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Table 2 Anatomical coordination in standard brain space and maximum z scores for activated voxels in controls (n=11) and
patients (n=14) during writing from mixed effect group analyses

Coordinates of voxels with maximum z score

Controls Patients
Anatomical regions x y z Max z x Y z Max z
Cortical
L precentral gyrus -32 -14 52 6.00 -38 -20 54 10.93
R precentral gyrus 54 2 44 5.84 40 -2 60 6.97
L postcentral gyrus -36 -30 66 8.28 —54 -20 38 10.88
Pre-SMA 8 2 56 8.95
SMA proper -6 =2 52 5.84 -10 -6 58 9.04
R middle frontal gyrus (posterior) —54 2 40 8.32 54 8 34 8.94
R middle frontal gyrus (anterior) 44 36 24 7.05
L inferior fronfal gyrus -56 6 26 9.01
R inferior frontal gyrus 64 10 20 8.08 54 6 26 7.06
R lateral orbital gyrus 48 48 =@ 8.90
L supramarginal gyrus —46 —-38 54 576 —46 -32 36 5.12
L insula -36 0 =10 5.10
R insula 42 14 -6 5.71 36 4 -6 5.09
L angular gyrus =32 -56 52 5.03
Subcortical
L thalamus -18 -18 0 5.96 -20 -20 0 711
R thalamus 10 -16 =2 5.09
L thalamus -14 -2 10 5.19
L globus pallidus -20 =2 8 6.04 —-24 -6 0 5.18
R globus pallidus 32 0 4 5.94 20 -2 8 5.21
L putamen -22 0 -2 8.47 -18 14 -14 513
R putamen 24 2 2 5.94 32 4 0 511
L cerebellar hemisphere (crus ) -26 —68 -32 5.87 -34 -62 -38 5.11
R cerebellar hemisphere (crus 1) 18 -70 -30 8.35 18 —66 -30 3.01
L dentate nucleus -30 -50 —40 6.02 -28 —54 -38 7.12
R dentate nucleus 24 —48 -32 13.47 20 -52 -36 11.00
Vermis 6 —54 -16 8.29 6 -50 =22 8.95

L, left; R, right; SMA, supplementary motor area.

of uncrossed ponto-cerebellar projections. In studies of
the cat, while the majority of ponto-cerebellar projections
are crossed, almost a quarter were found to project to
the same side.”” This provides a pathway for input from
the motor cortex to the cerebellar hemisphere on the same
side.

The motor cortex, cerebellum, thalamus, substantia nigra,
and basal ganglia together constitute key elements of a
distributed motor control network. Subcortical structures
project widely to neocortical regions involved in motor
control.”® The increased functional connectivity between the
motor cortex and cerebellum found in the patients involved
the premotor and not the primary motor cortex. Changes in
relative premotor cortex activity in the patients account for
the more bihemispheric pattern of motor cortex activation in
the patients. Previous studies of patients after stroke or

neurorchabilitation have suggested the particular importance
of activity changes in the premotor cortex to functional
recovery.' >’

Observation on the changes in functional connectivity and
patterns of premotor activity may be related. Cerebellar
activation contralateral to the hand moved provides a
potential pathway by which premotor cortex ipsilateral to
the hand moved might be recruited for motor control,
through crossed dentate-cortical projections. A subcortical
pathway linking activity in motor cortices of the two
hemispheres is suggested by observations such as those
showing that motor cortex activation ipsilateral to the hand
moved does not require an intact corpus callosum.* *
However, the directionality of the functional interactions
between cerebellum and premotor cortex cannot be defined
uniquely on the basis of the functional connectivity data

changes in specified regions o
controls and patients

Table 3 Correlations (showin? r values and significance) between signal intensity
interest in the motor cortex and cerebellum for healthy

Controls Patients
Correlation r p Value r p Value
Crossed pathways
L M1-R DN 0.79 0.024 0.42 0.840
L PM-R DN 0.59 0.360 0.53 0.300
L PM—R crus | 0.29 0.380 0.62 0.120
Uncrossed pathways
R PM-R crus | —-0.02 0.946 0.59 0.280
L PM-L crus | 0.07 0.840 0.73 0.024
R M1-R crus | 0.03 0.940 0.66 0.060

left crus 1.

L M1, left primary motor corfex; R DN, right dentate nucleus; R/L PM, right/left premotor cortex; R/L crus |, right/
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here. There are alternative models consistent with the data.
One possibility, for example, is a direct primary interaction
between the motor cortices of the two hemispheres, which in
turn drives more bilateral cerebellar activity—although this
may provide a less compelling explanation, given that the
patients also show decreased functional connectivity between
the cerebellar activation #psilateral to, and neocortical activity
contralateral to, the hand moved.

There are a few technical issues that should be considered
in the interpretation of these data. First, the use of such a
relatively mildly affected and homogeneous group (as well
as its small size) limits confounding from differences in
performance, but precludes adequate testing of the
relations between activation in specific brain areas and
clinical variables such as disease burden, duration, and
disability. Not unexpectedly, correlations between func-
tional changes and these measures were not found (data
not shown). Second, early reports argued that increased
ipsilateral motor cortex activity in patients may reflect
“mirror” movements, raising this as a concern here.** Our
patients (like other patient groups’*’) showed no clinical
evidence of mirror movements. Third, in previous studies, we
used the relative number of significantly activated voxels for
calculation of LI’ However, as the absolute number of
activated voxels is a function of the statistical threshold
chosen, absolute values of such LIs are not interpreted easily
and may have higher variance because of dependence on
noise in the near threshold voxels.** These problems were
limited by calculation of LI from relative signal intensity
changes.”

Involvement of multiple processing regions of a distributed
motor network in adaptive compensation for the brain injury
of multiple sclerosis implies that optimising recovery
demands optimising functions of multiple targets and their
interactions. Altering levels of diffusely projecting modula-
tory neurotransmitters that may affect interactions between
brain regions is thus a theoretically attractive approach.*
Second, because of the distributed nature of control, the
relation between lesion distribution and functional impair-
ment may be expected to be complex. In fact, previous work
has shown only minimal gains in the strengths of correla-
tions between measures of functional impairment in the
motor system and lesion burden when the volume in the
corticospinal tract alone is used rather than global brain
lesion load.” Together, these observations suggest that in
established disease the focus for repair of injury should be
on the global rather than the system specific disease
burden. Finally, the recognition that interactions between
spatially distant nodes in a coordinated network may
promote recovery emphasises that in multiple sclerosis, a
disease characterised by substantial diffuse axonal destruc-
tion, the potential mechanisms of recovery are impaired with
progression of the disease, just as are primary effector
pathways.
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NEURONLINE ...

Bay|or neuro|ogy case of the month: www.bem.tmc.edu/neurol/case.html

fancy graphics displays but short on

thought. The Baylor College of Medicine’s
neurology department’s case of the month
site is the antithesis of this approach. Each
month a case that residents have found
interesting is posted on this simple, well
thought out site.

First a detailed history and examination is
presented for each case, from which it is
sometimes possible to make a clinical diag-
nosis. It is usually necessary, however, to
proceed to the test result page. Here, a plan
of investigation can be drawn up, by choos-
ing 14 tests from a list of about 80 possible
laboratory, radiological, and neurophysiolo-
gical studies. Radiological and pathological
images can be reviewed and, at the cost of
one investigation, an interpretation pro-
vided.

Hopefully, with a careful analysis of the
history and examination findings, and inter-
pretation of the test results, you can reach a
diagnosis. Your diagnosis is then submitted
by email. Later, the correct diagnosis is sent
out and, if you sign up for the mailing list,
you are told when new cases are posted.
There is a short multiple choice test follow-
ing each case. There are now more than 70
old cases to work through, each with a
detailed discussion—anyone who enjoys
clinical conundrums should start with case
number 64.

There are not many case based neurology
websites, and of those that are available, this
is by far the best. An old neurologist said

I nternet educational tools are often full of
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In this section, our Meurology Residents will present cases they have found to be challenging and that they feel would be of interest to
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that given a spare half an hour, one should see a patient rather than read a paper—perhaps if
there are no patients to hand 30 minutes at www.bcm.tmc.edu/neurol/case.html would be time

well spent.
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