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Abstract.

Background: Essential tremor (ET) is a common movement disorder in which cerebellar microscopic and volume alterations
have been repeatedly reported although with disagreement between studies. However, pronounced heterogeneity was found
with regard to cerebellar volume alterations.

Objective: This study aimed to assess postmortem cerebellar volume in subjects with or without ET, as compared with
subjects with multiple system atrophy (MSA), a well-established cerebellar neurodegeneration.

Methods: Cases with ET (n=29), MSA (n=7), and non-demented control cases without any movement disorder (n = 22) were
selected from the Arizona Study of Aging and Neurodegenerative Disorders (AZSAND), a longitudinal clinicopathological
study with annual research-dedicated clinical assessments by neuropsychologists, subspecialist movement disorders, and
cognitive/behavioral neurologists, with comprehensive neuropathological examinations after death. Group comparisons were
controlled for common age-related neurodegenerative and cerebrovascular pathologies. Cerebellar volumes were calculated
using digital images of slices taken at the time of autopsy, immediately after brain removal and before fixation.

Results: Cerebellar volume was not reduced in ET subjects compared to controls. The two groups did not differ in terms of
incidental cerebrovascular and Alzheimer’s disease neuropathology. In contrast, cerebellar volume was significantly reduced
in subjects with MSA when compared to ET and control subjects.

Conclusion: In a well-characterized cohort, postmortem cerebellar volume measurements suggest that there are no volume
alterations in ET when compared to controls, in contrast to significant cerebellar atrophy in subjects with MSA.
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INTRODUCTION

Essential tremor (ET) is one of the most common
movement disorders and can significantly impact the
quality of life of affected patients [1]. ET is char-
acterized by an involuntary bilateral action tremor
principally of hands and arms that can also affect
the head, jaw, and the voice, appearing with vari-
ous clinical presentations [2, 3]. To date, the etiology
and pathophysiology of ET is still poorly understood,
and the extent of neurodegeneration underlying ET
remains a matter of debate [4-7].

A dysfunction of the corticothalamo-olivo-
cerebellar pathways and GABAergic neurotransmis-
sion as well as cerebellar degeneration have been
hypothesized as causes of ET [8, 9]. To date, the cere-
bellum is the brain area that has been most frequently
investigated in ET. Neuropathological findings have
repeatedly implicated the cerebellum, with studies
reporting cerebellar dendritic changes and Purkinje
cell loss, increased numbers of Purkinje cell torpe-
does and diverse other alterations of these cells as
well as cerebellar gliosis, though these findings have
not been consistent between laboratories [7, 10-19].
The Purkinje cell counting studies, in particular, have
not been accompanied by volume determinations,
have not adequately sampled cerebellar subregions,
and have not used unbiased morphometric meth-
ods [20]. Similarly, magnetic resonance spectroscopy
(MRS) studies of biochemical markers of Purkinje
cells have had conflicting results [21]. Additionally,
subject selection for these studies has not sufficiently
excluded possibly confounding clinical and autopsy
findings, including other movement disorders and
diverse neurodegenerative and cerebrovascular neu-
ropathologies that are common in elderly persons
[22].

Conventionally-accepted cerebellar neurodegen-
erations, such as multiple system atrophy and
spinocerebellar ataxias, result in cerebellar volume
loss [23-26], but published MRI studies on cerebellar
volume in ET are as conflicting as are the Purk-
inje cell studies. While some studies have reported
reductions of total cerebellar gray matter volume
and changes in specific lobules of the cerebellum
[27-35], others have reported no differences [36—42].
Recent meta-analyses revealed pronounced hetero-
geneity between studies with regard to the presence
or absence of volume alterations and its localization
within the cerebellum, suggesting considerable clin-
ical heterogeneity of study subjects, small subject
numbers, and methodological imaging differences

[43-45]. Altogether, these results indicate that voxel-
based morphometry does not reliably discriminate
between ET subjects and controls [44]. In contrast,
these methods have reliably identified cerebellar vol-
ume loss in multiple system atrophy (MSA), a rare
synucleinopathy characterized by autonomic dys-
function combined with parkinsonian and cerebellar
features.

To the best of our knowledge, postmortem cere-
bellar volume has never been investigated in subjects
with ET. Postmortem investigations have an advan-
tage over in vivo studies in that they allow for
the exclusion or control of confounding common
age-related neurodegenerative and cerebrovascular
pathologies. Therefore, in an attempt to determine
whether there are cerebellar volume changes in ET,
we assessed postmortem cerebellar volumes in ET,
MSA, and control subjects derived from a longitudi-
nal clinicopathological study.

MATERIALS AND METHODS

Subject selection

Subjects included in this study were enrolled
in the Arizona Study of Aging and Neu-
rodegenerative  Disorders  (AZSAND) and
Brain and Body Donation Program (BBDP;
www.brainandbodydonationprogram.org) [46].
Subjects are annually assessed with standardized
research-dedicated clinical assessments by cogni-
tive/behavioral neurologists, movement disorders
neurologists, and neuropsychologists. The cogni-
tive behavioral assessment included the National
Institute on Aging Uniform Data Set while the
movement disorders evaluation included the Unified
Parkinson’s Disease Rating Scale (UPDRS), tremor
rating scale (Fahn-Tolosa-Martin scale), restless leg
syndrome rating scale, Mayo Sleep Questionnaire,
and assessment of other involuntary movements
(dystonia, myoclonus). Subjects signed informed
consent approved by the BSHRI Institutional Review
Board and had agreed to have an autopsy with brain
donation for research purposes.

From AZSAND/BBDP autopsies, a total of 29
subjects that had been clinically diagnosed with ET,
as well as 21 control cases, were included in this
study. Subjects were diagnosed with ET if they had
postural or kinetic tremor of the hands or fore-
arms without identifiable secondary cause or other
exclusion criteria (e.g., prominent unilateral tremor,
rigidity, or bradykinesia) [2]. To exclude the poten-
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tial effect of other neurodegenerative disease, only
non-demented subjects were included. Of the whole
AZSAND/BBDP database, 237 cases had a clinical
diagnosis of ET at final clinicopathological confer-
ence, of these 106 cases (44.5%) had dementia with
frequent comorbid diseases including Alzheimer’s
disease (AD) dementia (80%), vascular demen-
tia (25%), Parkinsonism not otherwise specified
(NOS) (19%), dementia with Lewy bodies (16%),
dementia-NOS (11%), Parkinson’s disease (9%), and
progressive supranuclear palsy (PSP) (10%). More-
over, subjects clinically diagnosed with parkinsonism
of any type, restless leg syndrome, periodic limb
movements of sleep, REM sleep behavior disorder,
or any other movement disorders were specifically
excluded. Also excluded were subjects with a history
of alcoholism, metastatic cancer, seizure disorder,
or having had medications for seizure disorders and
alcoholism. Neuropathological exclusions applied
to controls and ET groups included CNS alpha-
synuclein pathology, PSP-type tauopathy, any large
cerebral infarcts, and any cerebellar or infratentorial
infarcts greater than microscopic in size. The rate of
incidental Lewy body disease (ILBD) was 22. 1% in
ET cases while this percentage was 24.2% in control
cases.

For comparison with a conventional cerebellar
neurodegeneration, we included 7 cases that had
a final clinicopathological diagnosis of MSA. Of
these, 6 subjects were clinically diagnosed as MSA-P
with predominantly parkinsonian features, while one
case was not clearly either MSA-P or MSA-C. Of
these, 3 subjects had dementia. Immunohistochem-
istry for phosphorylated alpha-synuclein pathology
was observed in the form of cytoplasmic glial inclu-
sions as previously described in the neuropathology
of MSA while no Lewy-type synucleinopathy was
observed [47].

Neuropathological investigation

Brain pathology assessment was performed on
all cases according to standard protocols including
assessment of cortex, basal ganglia, brainstem, and
cerebellum and included assessment of cerebrovascu-
lar pathologies such as gross or microscopic infarcts,
semi quantitative gradings of white matter rarefac-
tion in frontal, temporal, parietal and occipital cortex,
and circle of Willis atherosclerosis. Different stains
are performed [46] and neuropathological assessment
includes assignment of the AD Braak neurofibrillary
(NF) stage [48], semi-quantitative amyloid plaque

densities in frontal, temporal, and parietal neocortex
as well as hippocampal CA1 region and entorhinal
region, the Thal amyloid phase for A plaque brain
distribution [49], the CERAD neuritic plaque density
score [50], and alpha-synuclein Unified Stage pathol-
ogy using an immunohistochemical method [51].

Cerebellar volume measurement

As part of the standard BBDP protocol, images
of the brain, including images of the cerebel-
lum, are taken at the time of autopsy after brain
removal and before fixation. Available images (Fig. 1)
included ventral digital images of the brain includ-
ing the cerebellum in situ as well as images of
parasagittal slices of the cerebellum for each cere-
bellar hemisphere (4 slices for each cerebellar
hemisphere). These digital images were used to
estimate the cerebellar volume using the software
AxioVision 4.8 (https://carl-zeiss-vision-axiovision-
viewer.software.informer.com/4.8/). This software
allows, by tracing the contour of each slice, a
measurement of the cross-sectional area of each cere-
bellar slice in pixels with subsequent conversion to
cm? using for calibration a ruler placed in the same
image. The mean cross-sectional area of the 4 slices
is then multiplied by the width of the hemisphere
in the ventral brain image to obtain cerebellar hemi-
spheric volume in cmd. Following this, the left and
right hemisphere volumes are added to obtain the total
cerebellar volume.

Fig. 1. Ventral view of a brain demonstrating the cerebellum width
and parasagittal slices of the cerebellum.
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Statistical analysis

Data analyses were performed using SPSS soft-
ware (IBM SPSS Statistics 23.0). The principal
focus was to compare ET cases to control cases.
Kolmogorov—Smirnov tests were performed to test
for normality. Two-tailed Mann—Whitney U tests, #-
tests and Chi-square tests were used as appropriate
for group comparisons. Spearman correlations were
used to assess any correlations between cerebellar
volume and clinical or neuropathological charac-
teristics. Cerebellar volume was compared between
the 3 diagnostic groups using the non-parametric
Kruskall-Wallis test. Further, logistic regression anal-
yses, adjusting for age, sex, and neuropathological
levels of AD, were done to assess the ability of
the cerebellar volume to predict the diagnosis (Con-
trol/ET) as dependent variable. Alpha of 0.05 was
chosen as the cut-off criterion for statistical signifi-
cance.

Data availability statement
Data from this study and ET cases from

AZSAND/BBDP will be made available upon request
to the authors.

RESULTS
Table 1 report demographic, neuropathological,

and clinical characteristics of the studied cases.
There was no age difference when comparing control

cases (88.8 = 6.0) to ET cases (87.7 £6.3) (1=0.655;
p=0.516) and the proportion of women (13/22) in the
control group was not significantly different from the
ET group (14/29): (x> =0.443; p=0.059). ET mean
disease duration was 11.7 & 10.5 years and ranged
from 1.4 t0 48.8 years. The level of AD pathology was
not different between groups with regards to Braak
NF stage, summary regional amyloid plaque density,
and Thal amyloid phase. No significant differences
were observed for semi quantitative gradings of circle
of Willis atherosclerosis (U =223.5; p=0.056), cere-
bral white matter rarefaction total score (U=285.0;
p=0.7), and number of cerebral, deep nuclei, and
infratentorial infarcts (all p>0.05). No differences
between groups were observed in Mini-Mental State
Examination (MMSE) scores (r=1.593; p=0.118)
but UPDRS motor scores were significantly higher in
cases with ET (r=—4.421; p <0.001) when compared
to controls. MSA cases were younger (U=16.0;
p <0.001) and had a significantly lower MMSE score
(U=49.5; p=0.024), but no differences were found
forbrain weight (U=116.5; p=0.141) or postmortem
interval (U=108.8; p=0.095).

When comparing right (U=315.0; p=0.9), left
(U=309.0; p=0.9), and total cerebellar volume
(U=311.0; p=0.9) between ET cases and controls,
no group differences were found (Fig. 2; Table 2).

Sex comparison showed that the cerebellar vol-
ume was not different between all men and women
(U=280.0; p=0.4), no differences were observed
when considering only the control group (U=52.0;
p=0.7), or the ET group (U=74.0; p=0.4). No dif-

Demographics, postmortem, and clinical characteristics of subjects for each group

Control MSA
Nb. of cases 22 7
Age at death (y) 87.7+6.3 88.8+6.0 71.6+7.8
Sex (W/M) 13/9 1/6
MMSE 279+1.9 28.6+ 1.4 23.6+5.6
UPDRS motor score 11.1+6.3 434+4.1 10.7+9.6
Duration of ET (y) 11.7+£10.5 - -
APOE 4 % 10.3 42.8
PMI (h) 3.1+0.8 35+28 35+0.8
Brain weight 1176.4 £128.0 1166.0 £104.2 1109.7 £62.6
Braak NF stage (Median and range) 4.0 (1-4) 4.0 (3-4) 3.0 (1-5)
Thal phase (Median and range) 0 (0-5) 1.5 (0-4) 1.0 (0-3)
Plaque density (Median and range) 1.0 (0-3) 1.0 (0-3) -
CWA (Median and range) 2.0 (0-3) 1.0 (0-3) -
CWMR (Median and range) 3.0 (0-12) 3.0 (0-8) -

Data are presented as means and standard deviation of the mean or median and range when stated. ET, essential
tremor; MSA, multiple system atrophy; UPDRS, last Unified Parkinson’s Disease Rating Scale motor score
(part 3 motor score); MMSE, last Mini-Mental State Examination score; PMI, postmortem interval (interval
between death and brain removal); NF, neurofibrillary; CWA, circle of Willis atherosclerosis; CWMR, cerebral

white matter rarefaction; W, women; M, men.
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Fig. 2. Mean total cerebellar volume in ET when compared to
controls and MSA cases.

ferences were observed between control women and
ET women (U =53.0; p=0.4) or between control and
ET men (U=71.0; p=0.4).

Total CBL volume correlated with brain weight
(Rho=0.555; p<0.001) but did not correlate with
age (Rho=-0.155; p=0.274), ET disease dura-
tion (ET group only; Rho=-0.096; p=0.618),
MMSE (Rho=0.071; p=0.625), UPDRS score
(Rho=-0.238; p=0.092), semi quantitative grad-
ings of circle of Willis atherosclerosis (Rho =0.057;
p=0.690), or cerebral white matter rarefaction
(Rho=-0.130; p=0.370) (Fig. 3).

Logistic regression models showed that cerebel-
lar volume did not significantly predict the diagnosis
of ET versus control, either with covariates for age
and sex [ x2(3) = 1.304; p=0.728; R? =0.025] or with
age, sex, Braak AD stages, Thal amyloid phase,
and summary amyloid plaque density [ x*(6)=5.184;
p=0.520; R>=0.116].

When comparing the 3 groups for total cerebellar
volume (Fig. 2), no significant overall group dif-
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Fig.3. Absence of correlation between total cerebellar volume and
ET disease duration (A) as well as UPDRS motor score (B).

ferences were found [H(2)=5.098, p=0.078). For
subsequent analysis, controls and ET cases were
grouped together to compare with the MSA cases.
In this comparison, MSA cases had significantly
reduced total cerebellar volume (U =85.0; p =0.024)
as compared to the combined ET and control groups
(Fig. 2).

Mean cerebellar volumes in each group

ET Control MSA
Total volume 144.7+29.4 145.7+26.0 123.44+15.0
In women (n) 152.64 +£31.2 (14) 143.44 +£25.7 (13) 149.5+0(1)
In men (n) 136.14 +25.6 (15) 147.3+£27.1 (19) 119.0+10.5 (6)
Left hemi volume 72.2+14.0 733+13.3 62.8+9.4
Right hemi volume 729+16.3 72.5+13.8 60.6 + 6.4

Data are presented as means and standard deviation of the mean. ET, essential tremor; MSA, multiple system

atrophy; n, number of cases. Volumes are reported in cm
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DISCUSSION

This study investigated the postmortem cerebel-
lar volume, using photographs taken at the time of
autopsy, in subjects that were clinically diagnosed
with ET in comparison to control cases without
dementia or any movement disorder. Our main result
demonstrates that the postmortem cerebellar volume
is not reduced in ET subjects when compared to con-
trols. In contrast, cerebellar volume was found to be
reduced in subjects with MSA when compared to the
combined ET subjects and controls.

Even though no study has previously investigated
postmortem cerebellar volume in ET subjects, these
negative results concur with some in vivo reports
using VBM measurements from MRI scans [36-42].
Nonetheless, the literature on cerebellar atrophy in
ET is controversial and several other studies have
reported volume changes in total cerebellar volume or
in specific cerebellar lobules [27-33, 43]. However,
recent meta-analyses demonstrate high heterogeneity
in gray matter alterations and highlighted the clini-
cal variability and the consequent lack of reliable and
robust findings with regards to ET cerebellar volume
changes [43-45].

Our results do not support the hypothesis of atro-
phy in the cerebellum in ET subjects. Multiple
postmortem studies, like in vivo MRI studies, have
had conflicting results regarding the presence of cere-
bellar neurodegeneration in ET, including whether or
not there are alterations or loss of Purkinje cells [4,
6-8, 10, 12, 14, 15, 19, 52]. Nevertheless, it is possi-
ble that changes in Purkinje cells or other cerebellar
cellular constituents may be pathogenic but yet not
affect total cerebellar volume.

We acknowledge some limitations of this study.
First, measurements of the cerebellar volume were
done at autopsy on only 4 slices of each cerebel-
lar hemisphere and are therefore unlikely to be as
accurate as VBM done with MRI during life. Future
postmortem studies could more accurately assess
cerebellar volume by measuring the volume of water
displaced. We did not attempt to estimate volumes
of cerebellar subregions and therefore could have
missed significant differences in any of these. To
some extent we validated our methods by show-
ing that we could detect a significant volumetric
cerebellar change in subjects with MSA, a conven-
tional cerebellar disorder known to be associated
with reduced cerebellar volume. Moreover, to specif-
ically assess the potential effect of ET on cerebellar
volume without the influence of other neurodegener-

ative diseases that can affect the brain, we included
only non-demented subjects and future studies could
also extend this work to investigate ET subjects with
dementia. We further excluded subjects with Lewy-
type synucleinopathy as while this is a pathological
finding that has been reported in ET, it is not spe-
cific to ET and incidental Lewy-type synucleinopathy
has been found at similar frequency in brains of con-
trols that had died without any neurological disease
[51]. Indeed, we report 22% of ET cases with ILBD,
comparably to 25% reported in a recent publica-
tion from a large ET cohort [53], while we similarly
observed ILBD at autopsy in 24% of non-demented
age-matched controls cases that do not present any
parkinsonism or other tremor clinically. Although we
do not expect to find any differences between ET
with or without Lewy-type synucleinopathy, future
studies could specifically address this comparison.
Despite these limitations, this is the first study to
compare postmortem cerebellar volumes in ET and
control subjects. A major strength of our study was
our ability to exclude many confounding clinical and
neuropathological conditions that previous studies
have not addressed.

In conclusion, our results demonstrate that the
postmortem cerebellar volume is not reduced in sub-
jects who were clinically diagnosed with ET when
compared to controls without dementia or movement
disorder. In contrast, cerebellar volume was reduced,
as expected, in MSA subjects when compared to ET
subjects and controls.
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