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Abstract Tremor in people with multiple sclerosis (MS) is
a frequent and debilitating symptom with a relatively poorly
understood pathophysiology. To determine the relationship
between clinical tremor severity and structural magnetic
resonance imaging parameters. Eleven patients with clini-
cally definite MS and right-sided upper limb tremor were
studied. Tremor severity was assessed using the Bain score
(overall severity, writing, and Archimedes spiral drawing).
Cerebellar dysfunction was assessed using the Scale for the
Assessment and Rating of Ataxia. Dystonia was assessed
using the Global Dystonia Scale adapted for upper limb.
For all subjects, volume was calculated for the thalamus
from T1-weighted volumetric scans using Freesurfer. Supe-
rior cerebellar peduncle (SCP) cross-sectional areas were
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measured manually. The presence of lesions was visually
determined and the lesion volumes were calculated by the
lesion growth algorithm as implemented in the Lesion Seg-
mentation Toolbox. Right thalamic volume negatively corre-
lated with Bain tremor severity score (p = — 0.65, p = 0.03).
Left thalamic volume negatively correlated with general
Bain tremor severity score (p = — 0.65, p = 0.03) and the
Bain writing score (p = — 0.65, p = 0.03). Right SCP area
negatively correlated with Bain writing score (p = — 0.69,
p = 0.02). Finally, Bain Archimedes score was significantly
higher in patients with lesions in the contralateral thalamus.
Whole brain lesion load showed no relationship with tremor
severity. These results implicate degeneration of key struc-
tures within the cerebello-thalamic pathway as pathological
substrates for tremor in MS patients.

Keywords Multiple sclerosis - Tremor - MRI -
Thalamus - Superior cerebellar peduncle

Introduction

Tremor in multiple sclerosis (MS) is a common and disa-
bling symptom. Epidemiological data suggest that tremor
affects 26-58% of people with MS and can significantly
impact their quality of life (Alusi et al. 2001; Pittock et al.
2004). MS tremor most commonly affects the upper limbs,
but has also been observed in the legs, head and trunk (Alusi
et al. 1999). MS tremor has postural components and inten-
tion components (Koch et al. 2007), and these features can
limit patients’ daily functions such that those affected are
more likely to be unemployed or retired as a result of their
disability (Pittock et al. 2004).

The pathophysiology of MS-related tremor remains poorly
understood, as the multifocal nature of MS lesions makes it
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difficult to identify the precise neuroanatomical substrates of
tremor (Feys et al. 2005a, b). Essential tremor (ET) has been
more extensively investigated. In ET patients, Contarino et al.
(2012) reported a correlation between tremulous movement
measured with EEG and fMRI activation in the cerebellum
and thalamus. Furthermore, diffusion studies in ET have
shown abnormalities in the white matter in the cerebellum,
cerebellar peduncles, brainstem, and cerebellar hemispheres.
Together, studies on the pathophysiology in ET suggest an
important role for the cerebellum and the cerebello-thalamo-
cortical pathways (Bucher et al. 1997; Colebatch et al. 1990;
Deuschl et al. 2001; Louis et al. 2002; Feys et al. 2005a, b).

Without an understanding of the pathophysiology of MS
tremor, development of adequate treatment options is chal-
lenging. In MS, cerebellar injury was traditionally thought
to be the main pathological driver of MS tremor due to the
predominant presence of intention tremor and the correlation
between the severity of tremor and dysmetria, dysarthria and
dysdiadochokinesia (Diener and Dichgans 1992). However,
more recently, careful clinical evaluation of patients with MS
tremor has highlighted the clinical commonalities with essen-
tial tremor and questioned the relevance of purely cerebellar
features on clinical examination (Van der Walt et al. 2012,
2015). These two previous case studies observed the presence
of lesions in the cerebellar peduncles (superior and middle) in
patients with MS tremor as well as cerebellum (Fahn 1986;
Nakamura et al. 1993). Furthermore, animal studies investi-
gating tremor pathogenesis and surgical treatment with deep
brain stimulation (DBS) targeting the thalamic nuclei in MS
tremor highlight an interaction between the cerebellum and
thalamus (Deuschl and Bergman 2002; Koch et al. 2007; Yap
et al. 2007). Together, findings in Essential Tremor and MS
indicated that tremor in people with MS could result from
damage to the cerebello-thalamic connections via the superior
cerebellar peduncle (SCP).

For the justification of a future larger study in MS patient
with tremor, we conducted a pilot study that aimed to assess
the hypothesis that damage to the cerebellar tracts rather than
cerebellar hemispheres, specifically the cerebello-thalamic
tract, is related to tremor severity in patients with clinically
definite MS and unilateral upper limb tremor. We hypothesized
that atrophy of structures in the tract (the SCP and thalami)
indicative of neuro-axonal degeneration within these structures
would correlate with the severity of tremor. This study might
provide the necessary support for future larger studies.

Methods
Participants

Fourteen patients with clinically definite MS (Polman et al.
2005) and predominantly unilateral MS-related tremor were
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prospectively identified from the Royal Melbourne Hospital
MS Clinic from 2009 to 2010 prior to enrolment in a phase 2
clinical trial examining the efficacy of onabotulinumtoxin-A
in MS-related tremor (Van der Walt et al. 2012). Left-hand
dominant participants (n = 3) were excluded from magnetic
resonance imaging (MRI) analysis to focus on lateralization
of the tremor pathogenesis in a clearly lateralized group of
greatest size. At the time of testing, no patients were on
tremor modulating treatment. The project was approved
by the Royal Melbourne Hospital Human Research Ethics
Committee and informed consent was obtained from each
participant prior to participation.

Clinical assessments

Detailed phenotypical data were collected for each patient,
including demographic data, EDSS (Expanded Disability
Severity Scale) (Kurtzke 1983), and cerebellar dysfunc-
tion scores [Scale for the Assessment and Rating of Ataxia
(SARA)] (Schmitz-Hubsch et al. 2006).

A movement disorder neurologist completed a clinical
tremor assessment as has been previously described (Van
der Walt et al. 2015). Tremor in the affected limb was rated
using the Bain score (Bain et al. 1993). The Bain score is
a subjective rating scale from 0 to 10 (O = no tremor and
10 = extremely severe) for overall tremor severity, tremor
during handwriting and tremor during drawing of an Archi-
medes spiral on a pre-drawn pattern. Dystonia (Van der Walt
et al. 2015) in the tremor-affected arm was assessed using
the Global Dystonia Scale (GDS) in the upper limb only
(range 0-10).

Neuroimaging

Imaging was performed on a 3 Tesla MRI system (Sie-
mens, Erlangen, Germany) and included a 3D MPRAGE
T1-weighted scan (TR = 1900, TE = 2.26, TI = 900,
FOV = 224 x 256 mm?, BW = 200, flip angle = 9, slice
thickness = 1 mm and matrix size = 256 X 215 mm) and 3D
SPACE FLAIR scan (TR = 6000, TE = 405.0, TI = 2100,
FOV =224 x 256, BW = 700, flip angle = 120, slice thick-
ness = 1 and matrix size = 256 X 222). Regions of interest
in the cerebello-thalamic tract included the thalamus and the
SCP. T1-weighted MRI scans were processed using Free-
surfer (version 5.3) and the standard processing pipeline to
obtain volume of the thalamus. The area of the SCP was
manually labelled using OsiriX Lite v7.0.4 (Geneva, Swit-
zerland) by two independent raters GF and FB (intraclass
correlation = 0.729). The axis in OsiriX were aligned per-
pendicular and parallel to the cerebellar stalk (see Fig. 1 for
a schematic overview of the alignment of the SCP) and then
a closed polygon shape was drawn by the raters. The bor-
ders of the SCP were defined as by Akhlaghi et al. (2011).
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Finally, lesions have been segmented by the lesion growth
algorithm (Schmidt et al., 2012) as implemented in the LST
toolbox version 2.0.15 (http://www.statisticalmodelling.de/
Ist.html) for SPM. The lesion growth algorithm is able to
segment T2-hyperintense lesions from a combination of T1
and FLAIR images. Default settings have been used and this
technique have been validated in MS patients (Schmidt et al.
2012). For lesion localization, a neuro-radiologist visually
analysed the scans and determined the presence or absence
of any lesions within the thalamus and whole cerebellum
(including SCP) for each hemisphere.

Statistical analyses

All statistical analyses were performed using SPSS 23
(IBM). The thalamic volume, SCP area and total lesion load
were corrected for intracranial volume (ICV) and age by
linear regression. Correlations between tremor scores and
corrected imaging parameters were done using non-para-
metric spearman’s correlation and Mann—Whitney U tests
as clinical scales are ordinal rather than continual. p values
below 0.05 were considered significant without correction
for multiple comparisons as this is a preliminary exploratory
study with low subject numbers.

Perpendicular to the cerebellar stalk

Parallel to the cerebellar stalk

1. Sagittal View

Parallel to the cerebellar stalk

3. View is cut by the blue and purple
lines

Fig.1 Alignment and manual labelling of the SCP. Step 1 in sagittal
view: move the intersection of the axis to the middle of the cerebel-
lar stalk and rotate the blue axis parallel to and the purple axis per-

Results

Subject demographic and disease data are reported in
Table 1. Overall, patients were moderately disabled (EDSS
3-5.5), and had a mild-to-moderate tremor severity (mean
Bain tremor severity score 3.21). Half of our patients had
a lesion(s) within the ipsilateral and/or contralateral cer-
ebellum/SCP (54.5 and 45.5%, respectively), 27.3% of the
patients had a lesion(s) in the ipsilateral thalamus and 18.2%
had a lesion(s) in the contralateral thalamus.

Correlation results are summarized in Table 2. There
was a significant negative correlation between right tha-

lamic volume and Bain tremor severity score (p = — 0.647,
p = 0.031). Left thalamic volume inversely correlated with
both the overall Bain tremor severity score (p = — 0.647,
p = 0.031) and the Bain writing score (p = — 0.650,

p = 0.030). In addition, our data showed a significant nega-
tive correlation between right SCP area and Bain Writing
score (p = — 0.693, p = 0.018). Finally, loss of volume in the
left SCP area was associated with a higher upper limb GDS
(p =—0.697, p =0.017). There were no significant correla-
tions between whole brain lesion load and any of the tremor
severity scores; however, patients with lesion(s) within the
contralateral thalamus had an increased Bain Archimedes

!
!
Parallel to the cerebellar stalk

2. Coronal View

4. Closed polygon shape enclosing the SCP

pendicular to the cerebellar stalk. Step 2 and step 3: rotate the orange
axis parallel to the either left or right cerebellar stalk. Step 4: use a
closed polygon shape to map the area of the SCP
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Table 1 Patient demographics

Cohort (n =11)

Age, years (mean, SD)

Gender, male (%)

Disease duration, years (mean, SD)
EDSS score (median, IQR)

SARA score (mean, SD)

Bain tremor severity score (median, IQR)
Bain writing score (median, IQR)

Bain Archimedes spiral score (median, IQR)
GDS (mean, SD)

ICV, x 10° mm?® (mean, SD)

Thalamic volume, right mm? (mean, SD)
Thalamic volume, left mm® (mean, SD)
SCP area, right mm? (mean, SD)

SCP area, left mm? (mean, SD)

Lesion load, ml (mean, SD)

Lesions in cerebellum/SCP, right (%)
Lesions in cerebellum/SCP, left (%)
Lesions in thalamus, right (%)

Lesions in thalamus, left (%)

54.1 (+ 11.4)
36.4

16.3 (+ 8.7)
4.5 (3-5.5)
11.6 (7.7)
3(2-3)

2 (1-4)

1 (1-4)
31(x12)
14.5 (+ 1.5)
6058 (+ 916)
6865 (+ 1267)
224 (+3.3)
224 (£2.7)
14.2 (+ 10.9)
54.5

455

27.3

18.2

EDSS expended disability status score, SARA Scale for the Assess-
ment and Rating of Ataxia, GDS global dystonia scale (upper limb
only), ICV intracranial volume, SCP superior cerebellar peduncle

score (U = 0.5, p = 0.036) compared to patients without
lesion(s) within the contralateral thalamus. None of the
imaging parameters correlated with the SARA score.

Discussion

This study investigated the involvement of the cerebello-
thalamic tract in the pathogenesis of unilateral MS upper
limb tremor. The thalamus was of particular interest as tha-
lamic atrophy had been correlated with worse prognosis in
MS patients (Rocca et al. 2010), is present in the very early
stages of MS (Azevedo et al. 2015; Bergsland et al. 2012),
and has been shown to allow differentiation from other MRI
white matter pathologies (Solomon et al. 2017). We found
that contra- and ipsilateral thalamic volumes and ipsilat-
eral SCP area inversely correlated with increased unilateral
tremor severity scores. These regions of volume loss are
in line with the predicted neuroanatomy of the cerebello-
thalamic tract. The lack of significant correlation between
neuroimaging parameters and cerebellar dysfunction meas-
ured by the SARA score, likely reflects the effects of gait
and unaffected upper limb scores when calculating the total
SARA score.

Our findings are consistent with involvement of the
cerebello-thalamic tract in MS tremor pathogenesis. Tradi-
tional views of MS tremor emphasize a central role for the

Table 2 Correlation between tremor and dystonia severity scores and MRI measures

Bain tremor severity
score (p value, p

Bain writing

score (p value, p

Bain Archimedes spiral SARA score
score (p value, p value) (p value, p

GDS (p value, p value)

value) value) value
Thalamic volume, right p =—10.647 p=-0.593 p=-0.507 p=-0427 p=-0524
p =0.031* p = 0.055 p=0.112 p=0.190 p=0.098
Thalamic volume, left p =—0.647 p=—10.650 p=-0507 p=-0309 p=-—0557
p =0.031* p = 0.030% p=0.112 p =0.255 p =0.075*%
SCP area, right p=-—0338 p=—0.693 p=—0578 p=—0.154  p=-0.509
p =0.309 p = 0.018* p =0.062 p=0.670 p=0.110
SCP area, left p=-—0.162 p=—0497 p=-0382 p=0.191 p=—10.697
p =0.635 p=0.120 p=0.246 p=0.574 p=0.017*
Lesions
Whole brain (volume) p =0.206 p =0.363 p =0.406 p=-0.136 p=0.106
p =0.543 p=0272 p=0.215 p =0.689 p=0.757
Cerebellar/SCP, right (pres- U=135 U=6.0 Uu=15 U=12.0 U=11.0
ence) p=0.792 p=0.126 p=0.177 p =0.662 p =0.537
Cerebellar/SCP, left (presence) U =15.0 U=14.0 U=125 U=9.0 U=145
p=1.00 p=0.931 p =0.662 p=0.329 p=0.931
Thalamus, right (presence) U=9.0 U=10.0 U=10 U=11.0 U=8.0
p =0.630 p=0.776 p=0.376 p=0.921 p=0.497
Thalamus, left (presence) U=3.0 U=2.0 U=05 U=9.0 U=2.0
p=0.218* p=0.145 p = 0.036* p=1.00 p=0.145

SARA Scale for the Assessment and Rating of Ataxia, GDS Global Dystonia Scale (upper limb only), SCP superior cerebellar peduncle, p Spear-

man rho, U Mann—Whitney U test

Asterisk and bold text indicates significance p < 0.05
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cerebellum in MS tremor due to the predominant presence
of intention tremor and the correlation between the severity
of tremor and dysmetria, dysarthria and dysdiadochokinesia.
However, animal studies of tremor pathogenesis and surgi-
cal treatment with deep brain stimulation (DBS) targeting
the thalamic nuclei in MS tremor highlight an interaction
between the cerebellum, cortex, basal ganglia and thala-
mus (Deuschl and Bergman 2002; Koch et al. 2007; Yap
et al. 2007). Clinical neuroimaging studies of MS tremor
are, however, rare. Two case reports have both associated
an acute SCP demyelinating lesion with acute tremor onset
(Fahn 1986; Nakamura et al. 1993). Combined with a posi-
tive clinical trial with onabotulinumtoxin-A, a treatment
typically used in focal dystonias (Van der Walt et al. 2012),
these studies provide further support for tract-based patho-
genesis of tremor. Finally, Feys et al. (2005a, b) demon-
strated a link between MS tremor severity and T2 lesion
load in the contralateral pons but not with the lesion load in
the cerebellum.

We found no evidence of a correlation between the tremor
severity scores and the overall lesion load in the brain in
mild-to-moderate unilateral MS tremor. Interestingly, the
presence of lesions within in contralateral thalamus cor-
related to an increase in tremor severity in unilateral MS
tremor. These findings support the lateralization and locali-
zation of tremor pathophysiology. Consistent with this, Feys
et al. (2005a, b) studied the relationship between lesion load
and tremor severity in a significantly disabled cohort (EDSS
from 6 to 8) where 93% of participants had bilateral tremor.
The authors found no correlation between overall lesion load
and tremor severity; however, they showed the importance
of lesion topography and tremor severity. Specifically, they
found a correlation between lesion load in the contralat-
eral pons and tremor severity. Furthermore, the correlation
was related to the degree of bilateral tremor. The pons is
known to contains nuclei that are involved in a variety of
functions that are commonly symptomatic in MS, includ-
ing pyramidal function, bladder control, equilibrium and
facial sensation (Brodal 2014; Saladin Kenneth 2007) and a
correlation between pontine lesion load and severe bilateral
tremor scores are therefore not surprising. Here, we further
highlight the importance of lesion topography and further
study into lesion topography and tremor severity in unilat-
eral tremor is warranted.

Our findings were demonstrated in a small sample size
limiting our ability to correct for EDSS, disease duration and
other factors. Furthermore, the lack of controls and cross-
sectional nature of the study hinders any cause-and-effect
analyses. Despite these limitations, this study is hypothesis
generating in an area that is currently poorly understood.

In conclusion, we have found significant correlations
between functional measures of tremor and brain abnormali-
ties as indicated by MRI. The data support the feasibility of

further, larger studies using more advanced imaging tech-
niques (e.g., tractography, DWI functional MRI) to better
define tremor pathogenesis in MS.
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