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Background: The aim of this study was to compare the morphological changes in cerebral and cerebellar gray matter in pa-
tients with essential tremor under 60-years-of-age, with age-matched and gender-matched normal healthy
volunteer control subjects, using functional magnetic resonance imaging (fMRI) and voxel-based morphome-
try (VBM) analysis.

Material/Methods: A retrospective, controlled, comparative clinical study included 17 patients with essential tremor, <60 years-
of-age, and 17 age-matched and gender-matched healthy volunteer control subjects, recruited between June
2010-July 2012. MRI and VBM analysis were used to compare cerebral and cerebellar gray matter density be-
tween groups. The Washington Heights—Inwood Genetic Study of Essential Tremor (WHIGET) rating scale was
used to assess tremor severity in the patient group. Clinical and demographic characteristics were recorded for
all study participants.

Results: MRI and VBM analysis showed significant bilateral expansion of the cerebellum, occipital fusiform cortices, right
inferior temporal gyrus, and precentral lobes in patients with essential tremor (P<0.005); reduction in gray mat-
ter was found in the left parietal lobe. The region of interest (ROI) analysis showed volume enlargement in the
thalamus, midbrain, and the precuneus (P<0.005). No significant correlation between changes in gray matter
and changes in clinical variables, including age, gender, tremor duration, the activity of daily living (ADL) scale,
the mini-mental state examination (MMSE) scale, family history, and tremor severity were found.

Conclusions: Predominantly cerebellar gray matter expansion in patients less than 60 years-of-age with essential tremor
might be the result of compensation for the decline in cerebellar function.
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Background

Essential tremor is one of the most common neurological move-
ment disorders, and the key features are postural and kinet-
ic tremor of the upper limbs. Although essential tremor is a
common condition, little is known about its pathophysiology.
Recently, studies on the neuropathology of essential tremor
have shown loss of Purkinje cells and an increase in axonal
swellings (torpedoes) in the cerebellum, indicating that the
cerebellum plays an important role in the etiology of essential
tremor [1,2]. However, the published literature contains con-
troversial opinions on the role of the cerebellum in essential
tremor [3,4]. These alternative views on the role of the cere-
bellum have been supported in a previously published study
using by magnetic resonance imaging (MRI) and morphological
findings using voxel-based morphometry (VBM) [5]. However,
Quattrone et al. found significant atrophy of the cerebellar
vermis in patients with essential tremor that included arm
and head tremor, but not in individuals who presented with
arm tremor alone [6]. Benito-Ledn et al. also showed a bilater-
al decrease in cerebellar gray matter volume in patients with
essential tremor, but with no difference between individuals
with only arm tremor and those with arm and head tremor [7].
Also, other studies have shown volumetric loss of gray mat-
ter in patients with essential tremor using VBM analysis [8,9].
However, Daniels et al. reported a bilateral expansion of gray
matter in the superior temporal gyrus of patients with essen-
tial tremor with intention tremor and postural tremor when
compared with normal controls [10].

The contradictory findings from previous studies on essential
tremor may be due to factors associated with the patient se-
lection. There is accumulating evidence that essential trem-
or is a heterogeneous disorder and should be considered as a
group of disorders (essential tremors) rather than a single dis-
order (essential tremor) [11]. As a result, a general diagnosis
of essential tremor might be inadequate to select and study
cohorts when only imaging analysis is involved. Therefore, it
may be important to screen for more subtle differences among
patients, such as the patterns of tremor manifestation, the
age of onset, and the history and severity of the condition.

Some previously published studies have supported that the
age of onset of essential tremor might be an important mark-
er of disease heterogeneity. Patients with essential tremor
with an age of onset at >60 years progress much more rapid-
ly, and have greater potential for disability and cognitive de-
cline, compared with patients with essential tremor with a
younger age of onset [12,13]. Also, symptoms such as atax-
ia, tandem gait, and balance problems, are much more com-
mon in patients with essential tremor with an older age of
onset [14]. Patients with essential tremor with a younger age
of onset tend to have a more benign tremor, fewer cerebellar
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symptoms, and less coexisting cognitive impairment, as well
as a stronger family history of tremor [14,15].

Because there appear to be differences between patients with
essential tremor of older onset, it would be important to study
this older group separately. Also, age bias toward elderly sub-
jects may have resulted in important clinical clues associated
with essential tremor being missed in previous studies when
compared with otherwise young individuals. Therefore, the
aim of this study was to compare the morphological changes
in cerebral and cerebellar gray matter in patients with essen-
tial tremor under 60 years-of-age, with age-matched and gen-
der-matched normal healthy volunteer control subjects, using
functional MRI (fMRI) and VBM analysis.

Material and Methods

Patients with essential tremor and healthy controls

Initially, 18 patients with essential tremor, who were <60 years-
of-age, and 20 age-matched and gender-matched healthy vol-
unteer control subjects, were recruited from June 2010-July
2012 in Shanxi Province, China. All patients met the diagno-
sis criteria of essential tremor, as defined by the Consensus
Statement of the Movement Disorder Society on Tremor [16].
Two neurologists interviewed the patients independently and
carefully recorded the following data: age, gender, number of
years of education, the age of onset of tremor, duration of trem-
or (in years), on-medication or off-medication state, family his-
tory, relieving or aggravating factors, and sensitivity to alcohol.

The effect of the tremor on the ability to perform routine activ-
ities, and mental abilities in each subject were assessed using
an activity of daily living (ADL) scale and the mini-mental state
examination (MMSE) scale, respectively. All patients with arm
tremor were examined using the Washington Heights-Inwood
Genetic Study of Essential Tremor (WHIGET) rating scale, rath-
er than the Fahn-Tolosa-Marin Tremor Rating Scale, to assess
the severity of tremor (range, 0-3 for each test), and the total
tremor score ranged from 0-36 [17]. Before recruitment into
this study, thyroid function and ceruloplasmin levels were test-
ed to ensure that the tremor was primary and not secondary.
Patients with a history of dementia, stroke, epilepsy, head in-
jury, neuropsychiatric diseases, or other movement disorders,
except essential tremor, were excluded from the study.

This study included patients with essential tremor and healthy
volunteer control subjects who were matched in age, gender,
and education years. None of the healthy control subjects had
a history of neurological disorders, for example, Parkinson’s
disease, dementia, or a neurological diagnosis from a physi-
cian, and control subjects had no first-degree or second-degree
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Figure 1. The procedure of voxel-based morphometry (VBM) magnetic resonance imaging (MRI) analysis of the region of interest (ROI).
First different regions of the brain are shown, according to the Harvard-Oxford subcortical structural atlas, divided into two
sides. The region of interest (ROI) was chosen, and ROI voxel-based morphometry (VBM) analysis was done. As an example,
the insula was chosen as one ROI, and the new mask is shown in yellow. ROl VBM analysis resulting in the area in blue, as
shown, which meant that there was a reduced volume in patients with essential tremor compared with healthy volunteer

control subjects.

relatives with essential tremor. All patients with essential trem-
or, and healthy volunteer control subjects were right-handed.
All study participants signed written informed consents be-
fore participating in the study, which was approved by the lo-
cal ethics committee.

Magpnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) data were acquired us-
ing a GE Signa HDxt 3.0T scanner (GE Healthcare, Chicago, Il,
USA) with an eight-channel head coil. An axial T1-weighted
three-dimensional (3-D) fast spoiled gradient echo-se-
quence included: TR/TE=6.6/2.8 ms; TI=380 ms; field-of-view
(FOV)=256x256 mm?; acquisition matrix=256x256; slice thick-
ness=1 mm; spacing=0 mm; and flip angle=15°. T1-weighted
MRI resulted in an isometric resolution of 1x1x1 mm?. A to-
tal of 176 contiguous slices were acquired and the transverse
T2 fluid attenuation and inversion recovery (FLAIR) sequence
was: TR/TE=9,100/165 ms; TI=2,250 ms; FOV=240x240 mm?;
acquisition matrix=288x224; slice thickness=5 mm; and spac-
ing=1.5 mm. Imaging acquisition was also acquired to exclude
subjects with organic brain disease. Patients with structural
brain abnormalities that affected the grey or white matter were
excluded, prior to the voxel-based morphometry (VBM) analy-
sis. MRI image interpretation, and image post-processing (see
below), were performed by a radiologist who was blinded to
the clinical diagnosis of each study participant.

Voxel-based morphometry (VBM) analysis

Structural data were analyzed using FSL-VBM 1.1 (Oxford
University, Oxford, U.K), and VBM style analysis was carried out
using FSL tools [18]. Firstly, Digital Imaging and Communications
in Medicine (DICOM) files were completely converted to nii.
gz format using the MRI-convert command. Structural imag-
es were brain-extracted using the BET tool in FSL software to

remove skin and skull imaging data. Then, gray matter, white
matter, and cerebrospinal fluid (CSF) were segmented using
the FAST4 segmentation algorithm package. The resulting grey-
matter partial volume images were aligned with MNI152 stan-
dard-space T1-weighted average structural template using the
FMRIB’s Linear Image Registration Tool (FLIRT), followed op-
tionally by nonlinear registration using FMRIB’s Non-Linear
Image Registration Tool (FNIRT), which used B-splines repre-
sentation of the registration warp fields.

The resulting images were averaged to create a study-spe-
cific template in which the native gray matter images were
non-linearly re-registered. The registered partial-volume im-
ages were modulated by dividing them by the Jacobian of the
warp field. The modulated segmented images were smoothed
with an isotropic Gaussian kernel for threshold-free cluster en-
hancement (TFCE)-based analysis. Finally, the differences in
cerebral gray matter density between the patient group and
control group were assessed by a voxel-wise general linear
model (GLM) using permutation-based non-parametric test-
ing (5,000 permutations).

After whole-brain analysis, regions of interest (ROI) VBM analy-
sis was performed. The ROl VBM is more sensitive than whole-
brain VBM, which is used for testing a priori hypotheses [19].
According to previous studies, the thalamus, caudate, puta-
men, pallidum, brainstem, insula, precuneus, and middle frontal
lobe were chosen as ROIs using the Harvard-Oxford Subcortical
Structural Atlas [6,7,20]. Briefly, after identifying eight ROIs of
different intensities, the whole brain was split into two halves
to analyze the right or left side of ROIs separately. The specif-
ic ROl was then chosen as new region mask. For example, the
left side of the insula was chosen as one ROI, and VBM anal-
ysis was performed. Analysis of the eight ROl VBM was then
carried out sequentially, one after the other (Figure 1).
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Table 1. Demographic and clinical features of ET patients and HVs.
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ET Patients

Statistic results

Age,y 42.2449.47
C sexEm 0.7
""""""" Family history (V) —
""""""" Handedness® 17
 hgeatomsett) - -
""""""" Duration of ETG) -
""""""" Educationyears 12358377
C wHeer -
o 208000
o wmse 20245103

(n=17) (P, t, and P, ?)
39.65+8.12 0.40 (t=0.86)
”””””””””” o8  o;3p=012
"""""""""" w7
""""""""""" v
”””””” 7531300 -
"""""" 1271755 -
”””””” 2478352 093(t=009)
”””””” 14352743 -
”””””” 20534107  006(=-205)
”””””” 8188227 009(=175

Statistical analysis

Data were analyzed using SPSS version 19.0 (SPSS Inc, Chicago,
IL, USA). The %2 test was used to compare the sex distribution
between patients with essential tremor and healthy volunteer
control subjects. The t-test of two independent-samples was
performed to compare differences in age, education years, ADL
scores, and MMSE scores between the two groups. The prima-
ry comparative analysis maps of gray matter between patients
with essential tremor and healthy volunteer control subjects
were performed, on a voxel-by-voxel basis, using FSL-VBM and
a two-sample t-test. The relationship between regional brain
changes and clinical variables were examined, including age, gen-
der, age at onset, tremor duration, education years, ADL scores,
MMSE scores, family history, and tremor severity, using a sepa-
rate analysis within the essential tremor patient group. Regions
were traced manually, which indicated significant differences be-
tween groups using FSLView. The mean voxel value of each re-
gion was extracted using MATLAB 6.1. Linear regression analy-
sis was performed between mean values and clinical variables.
A P-value <0.05 was considered to be statistically significant.

Results

Clinical findings

From the initial subjects enrolled in this study, one patient with
essential tremor, and three healthy volunteers were excluded
from the analysis due to abnormal brain lesions detected on
T2 fluid attenuation and inversion recovery (FLAIR) sequence
magnetic resonance imaging (MRI). No data were discarded
because of image artifacts.

The final number of eligible subjects included in the study was
17 patients with essential tremor and 17 healthy volunteer
control subjects. Two patients with essential tremor had tak-
en medication (propranolol) for a very short time and stopped
taking this medication two weeks before the study. Eight pa-
tients with essential tremor did not drink alcohol, and four of
the remaining nine patients did drink alcohol, none drank al-
cohol one week before the study.

All patients had symmetrical postural and dynamic tremor with
no resting tremor. To evaluate arm tremor, the Washington
Heights-Inwood Genetic Study of Essential Tremor (WHIGET)
rating scale was used. The mean total tremor score was
14.35+7.43, with one patient’s score »30 (tremor score=33).
There was no difference in the activity of daily living (ADL) and
the mini-mental state examination (MMSE) scores between
patients with essential tremor and control subjects (Table 1).
There were no significant differences in age, gender, educa-
tion duration, cognitive function, and daily living ability be-
tween the control group and patients with essential tremor,
which were comparable between the two groups.

Voxel-based morphometry (VBM) analysis

Optimized voxel-based morphometry (VBM) analysis was used
to compare the differences between the patients with essen-
tial tremor and healthy volunteers and showed several sig-
nificant differences in gray matter volume between the two
groups. Reduced gray matter volume was detected only in the
left parietal lobe; significantly increased gray matter volume
was detected bilaterally in the cerebellum, precentral lobe, right
inferior temporal gyrus, left temporal occipital fusiform, and
the right occipital fusiform gyrus, in patients (P <0.005)

uncorrected
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Table 2. Voxel-based morphometric differences between ET patients and HVs.

Structure name Voxels Z-MAX X Y z

Right CruslI* 540 0.998 12 -86 -34
"""" leftCrusti* 10 o098 -2 -8 -3
"""" Cerebellar leftvic 192 o098 -8 -1 -4
"""" Precentralgyrus* 257 0% o0  -18 6
"""" Right inferior temporal gyrus* 35 0998 54 -3 -16
"""" left temporal occipital fusiform* 19 098 -3 60 -14
"""" Right occipital fusiform gyrus* 11 09% 28 -0 -6
"""" left parietal lobe™ 47 o09%8 -3 -6 5

* The areas of expansion in ET patients compared to HV subjects. ** The area of reduction in ET patients compared to HV subjects.

All the areas were significant at P<0.005, uncorrected at a TFCE-based result. Local maxima were reported, including cluster size and
anatomical region. Locations for statistical findings were reported in the standard Montreal Neurological Institute coordinate space (x,
y, and z).

Figure 2. A voxel-based statistical map was created that identified differences in gray matter between the two study groups. The red
color shows areas of grey matter expansion, while the blue color shows areas of grey matter reduction, in patients with
essential tremor compared with healthy volunteer control subjects (P<0.005).

(Table 2; Figure 2). VBM analysis showed that there was a dif- ~ Voxel-based morphometry (VBM) in regions of interest

ference in gray matter structure between patients with essen- (ROIs)
tial tremor and the normal healthy controls, indicating that
there was a structural change in essential tremor. Regions of interest (ROIs) were applied for further comparison
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Table 3. Voxel-based morphometric differences between ET patients and HVs subjects in ROIs.

Coordinates

Structure name

Left thalamus* 16 0.996 -14 =22 -6
Right precuneus* 0 098 12 -6 2
"""""""""""""""""""""""""""""""""""""""""""""""" s  o%s 24 58 20
leftprecuneust 2 0s8 . -4 62
Brainstem(midbrain)® 03 08 10 24 -1
Brainstem(medulla oblongata)* 5 0% . 48 -
Brainstempons™ 5 06 -2 -8 -4
Cleftinsub 4 08 36 18 2

* The expanded areas in ET patients compared to HV subjects. ** The reduced areas in ET patients compared to HV subjects. All

the areas were significant at P<0.005, uncorrected at a TFCE based result. Local maxima were reported, including cluster size and
anatomical region. Locations for statistical findings were reported in the standard Montreal Neurological Institute coordinate space (x,
y, and z).

p=0.005 p=0.005

Figure 3. The volume of gray matter of the region of interest (ROI) was compared between patients with essential tremor and the
healthy volunteer control group. Coronal images were taken for each abnormal region of interest (ROI). The corresponding
ROl is yellow; the red color shows areas of grey matter expansion; the blue color shows areas of grey matter reduction, in
patients with essential tremor compared with healthy volunteer control subjects (P<0.005).

between the essential tremor group and healthy volunteers and thalamus, and bilateral precuneus lobes in the essential trem-
showed no significant difference in the putamen, pallidum, and or group when compared with the healthy volunteer group.
middle frontal lobe between the two groups. However, there Reduced amounts of gray matter were found in the left insu-
was a significant volume increase in the midbrain, medulla, left la and pons in the essential tremor patient group compared
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with the normal healthy volunteer group. The ROIs and their
X, ¥, and z coordinates are shown in Table 3 and Figure 3. The
results showed that local volume enlargement might be as-
sociated with functional or compensatory change, whereas
the decreased left insula volume might be linked to cognitive
decline in clinically identified patients with essential tremor.

Clinical variables and changes in gray matter

No significant differences or correlations were found between
the clinical variables in the patients and the control group, in-
cluding age, gender, the age of onset of tremor, tremor dura-
tion, education years, ADL score, MMSE score, family history,
and gray matter changes. Although tremor duration was pos-
itively correlated with precentral lobe expansion, the differ-
ence was not statistically significant (r=0.47, P=0.056). There
was an association between tremor duration and precentral
lobe gray matter volume increase, although this was not sta-
tistically significant. It is possible to speculate that if these
findings represent a trend, the volume increase in the cere-
bellar gray matter might be an early change associated with
essential tremor, while other changes could arise secondarily.

Discussion

In this study, functional magnetic resonance imaging (fMRI)
using voxel-based morphometry (VBM) analysis and the FSL-
VBM method were used to detect the cerebral and cerebel-
lar morphological changes associated with an essential trem-
or of the arm in patients under 65 years-of-age. The findings
of this study showed the bilateral increased volume of gray
matter in the cerebellum. To our knowledge, this is the first
study to have reported these findings in patients with essen-
tial tremor in this age group.

Structural abnormalities, including volumetric loss of gray mat-
ter in the cerebellum of patients with essential tremor, are
the most prevalent findings in previously published structur-
al neuroimaging studies [6,7,20]. These findings are support-
ed by the findings from a post-mortem study, in which Louis
et al. described the presence of cerebellar Purkinje cells loss in
patients with essential tremor [1]. Several recent resting-state
fMRI studies have also shown decreased functional connectivity
within the cerebello-thalamo-cortical network in patients with
essential tremor [21,22]. Also, the wide spectrum of clinical fea-
tures of essential tremor, including intentional tremor, gait and
balance abnormalities, oculomotor abnormalities, have sug-
gested a relationship between dysfunction of the cerebellum,
cerebellar blood flow, and essential tremor [23]. A previously
published study that included positron emission tomography
(PET) imaging showed that regional cerebral blood flow in the
bilateral cerebellum was increased in patients with essential

CLINICAL RESEARCH

tremor during rest and tremor [5]. Clinical observations have
reported that when a stroke has occurred in the cerebellum
or has involved the efferent pathways of the cerebellum, es-
sential tremor is eradicated on the affected side [24]. These
observations might indicate that cerebellar overactivity, rath-
er than dysfunction, might be the trigger for essential tremor.

The cerebellum and the cerebellar neural networks play a key
role in the pathophysiology of essential tremor, and the acti-
vation of different structures along the neural pathway might
lead to in different outcomes [25]. The main cerebellar effer-
ent pathway, which is known as the dentate-thalamo-cortical
tract, runs from the dentate nucleus to the ventral lateral nu-
cleus in the thalamus and the contralateral motor cortex, and
has a facilitatory effect on the thalamus and motor cortex. If
the dentate nucleus is over-activated, the thalamus and the
motor cortex activity will increase and could potentially induce
tremor. However, Purkinje cells located in the cerebellar cor-
tex have an inhibitory effect on the dentate nucleus. Loss of
Purkinje cells reduce the inhibitory effect and will be linked to
the over-activity of the cerebellum dentate nucleus, resulting
in tremor [5]. Therefore, it is important to make clear wheth-
er essential tremor affects the cerebellar cortex or selectively
affects the deep cerebellar nuclei.

The findings of this study showed that in patients with essen-
tial tremor compared with healthy volunteer control subjects,
it was the cerebellar cortex, rather than the deep cerebellar
nuclei that showed a volume increase. This finding, togeth-
er with the findings from previously published studies, might
make it reasonable to speculate that the increase in volume
in the cerebellar cortex is a compensatory mechanism to for
the effects of cerebellar dysfunction, particularly at the early
stage of essential tremor. Because the patients recruited into
the present study were less than 65 years, which is young-
er than in most studies, they would be expected to progress
more slowly, and compensatory mechanisms should be more
effective [15]. This finding also explains why no increase in
volume was found in previous studies on patients with es-
sential tremor when study groups were mixed as to the age
of onset. Essential tremor can be regarded as a neurodegen-
erative disease and follows a gradual, yet progressive, clini-
cal course [26]. At the most severe clinical stage of essential
tremor, compensatory mechanisms will decline with time, and
by the time that the volume of cerebellar gray matter has de-
creased, cerebral atrophy may be seen, which may explain the
pathology and neuroimaging findings in previously published
studies [1,26,7,20].

From the findings of the present study, further support for a
compensation hypothesis of essential tremor was the enlarge-
ment of the thalamus seen in the ROI results. The thalamus
plays an important role in the oscillating central network of
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essential tremor, as shown by deep brain stimulation (DBS) and
its suppressive effect on the activity of the thalamus, which
is an effective treatment for essential tremor [27]. According
to a previously published study, afferent projections from the
cerebellar dentate nucleus to thalamus are excitatory [25]. If
increased cerebellar gray matter volume results in functional
enhancement, the inhibitory output of the cerebellar cortex
(mainly from Purkinje cells) will increase, leading to a decrease
in thalamic activation, which is inconsistent with clinical find-
ings. Therefore, it must be assumed that enlargement of the
cerebellar cortex results from the reduced function. However,
although it remains unclear why the enlargement was only
found the left side of the cerebellar cortex, it should be not-
ed that this finding may be due to the right-handedness of all
the study participants, or to left parietal reduction.

The findings of this study also showed an increase in gray mat-
ter volume in the right inferior temporal gyrus, the left tempo-
ral occipital fusiform gyrus, and the right occipital fusiform gy-
rus, which are supported by previously published findings [10].
Multiple brain regions can exhibit plasticity following condi-
tioning, and temporal and occipital lobes are mainly associat-
ed with auditory and visual function [28]. To co-ordinate the
fine movements of patients with essential tremor with arm
tremor, the brain needs to perform additional mechanisms of
control and so the results of this study might represent adap-
tive reorganization and compensation through increased de-
mands on the visuospatial control of skilled movements in
patients with essential tremor. This view is supported by the
findings of the study by Tuleasca et al. that included a one-
year follow-up of ventral intermediate nucleus (VIM) radiosur-
gery for essential tremor with voxel-based morphometry be-
fore and after treatment, which showed a significant change
in gray matter volume in the left temporal pole and occipital
cortex of the brain before and after treatment, resulting in the
conclusion that visual areas might be linked with tremor ar-
rest and be involved in the tremor loop [29].

Contrary to previous studies [6,7], the only decrease in gray
matter volume that was detected in the present study, by whole
brain VBM analysis, was in the left parietal lobe. This finding
may be due to the enrollment of younger patients in this study,
many of whom were in the early stages of the disease. It is
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now clear that cerebellar output is connected to more wide-
spread regions of the cerebral cortex than previously thought,
including regions of higher functional relevance, such as the
prefrontal and posterior parietal cortex [30]. The decrease in
gray matter in the posterior parietal lobe may be the result of
cerebellum dysfunction and may represent the diminished ca-
pacity of spatial orientation and proprioceptive sensation in pa-
tients with an essential tremor that includes arm tremor [31].

This study had several limitations. To minimize the heterogene-
ity bias of essential tremor, recruitment involved only middle-
aged patients with isolated arm tremor, and so the results do
not reflect all phenotypes of essential tremor. Also, this study
was a cross-sectional study, and it was not possible to con-
clude whether the cerebellum or other sites of brain morpho-
logical changes were primary or secondary changes. Because
the study was of short duration, the patients should under-
go further follow-up to observe the long-term changes in the
brain gray matter. Finally, multiple functional imaging tech-
niques should be used to confirm the findings of this study.

Conclusions

Patients with an essential tremor occurring at a younger age,
of less than 65 years, with tremor involving only the arm,
showed unique brain morphological patterns with character-
istic changes in the gray matter, including expanded and re-
duced areas. The study findings further support the view that
the cerebello-thalamo-cortical network is involved in essen-
tial tremor, and that the cerebellum is a critical hub for the
activity of this network.
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