Journal of Neural Transmission (2019) 126:569-576
https://doi.org/10.1007/s00702-019-02004-0

NEUROLOGY AND PRECLINICAL NEUROLOGICAL STUDIES - ORIGINAL ARTICLE q

Check for
updates

Clinical correlates of abnormal subcortical volumes in Essential Tremor

Shweta Prasad’2® - Apurva Shah*® . Ketaki Swapnil Bhalsing'2 - Madhura Ingalhalikar*® - Jitender Saini? -
Pramod Kumar Pal?

Received: 20 March 2019 / Accepted: 9 April 2019 / Published online: 20 April 2019
© Springer-Verlag GmbH Austria, part of Springer Nature 2019

Abstract

Essential tremor (ET) is considered to be a neurodegenerative disorder and it is plausible that the observed motor and non-
motor symptoms may be attributable to functional alterations secondary to abnormalities of subcortical nuclei. This study
aims to compare the volumes of subcortical nuclei in patients with ET to ascertain neuroimaging correlates of motor and
non-motor features of ET. Forty patients of ET and 40 age- and gender-matched healthy controls (HC) were enrolled in this
study. Tremor severity was quantified with the Fahn—Tolosa—Marin tremor rating scale. Patients of ET with and without a
rest tremor were also compared. Structural imaging was performed on a 3T scanner, and volumes of subcortical structures
were obtained using Freesurfer. There was no difference in total brain volume between ET and HC. However, compared to
HC, significantly lower volumes of bilateral thalamus, hippocampus, and ventral diencephalon were observed in patients
with ET. A significantly higher volume was observed in the right caudate nucleus, pallidum, amygdala, and bilateral puta-
men, and nucleus accumbens. No difference was observed between patients of ET with and without a rest tremor. Patients
with ET have significant alterations in volumes of subcortical nuclei, which are not limited to the motor domain and include
structures involved in cognitive and behavioral functions. These results add to the growing concept of a neurodegenerative
pathophysiology of ET with abnormalities extending beyond the cerebellum.
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Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00702-019-02004-0) contains
supplementary material, which is available to authorized users.

Essential tremor (ET) is a highly prevalent movement dis-
order (Louis and Ferreira 2010) characterized by an action
tremor of upper limbs, with an occasional involvement of
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2015; Novellino et al. 2016). ET has been reported to have a
genetic predisposition and it is uncertain if there is a differ-
ence in the pathophysiology of ET with positive family his-
tory (ETgyp) and ET with negative family history (ETgyy).

Neuroimaging studies in ET have demonstrated abnor-
malities extending beyond the cerebellum, with significant
aberrations in cerebral gray matter and subcortical structures
(Bagepally et al. 2012; Benito-Leon et al. 2009; Bhalsing
et al. 2014; Buijink et al. 2015; Cameron et al. 2018; Cerasa
et al. 2009; Choi et al. 2015; Daniels et al. 2006; Lin et al.
2013; Nicoletti et al. 2015; Quattrone et al. 2008). However,
reports pertaining to the exact nature of cerebral involvement
are incongruent, and range from no abnormality to wide-
spread abnormalities. Furthermore, although the atrophy of
basal ganglia structures has been demonstrated earlier (Lin
et al. 2013), the possible cause and implications of these
observations have not been adequately discussed. Previ-
ously, voxel-based morphometry (VBM) has been utilized
to explored the brain volume in ET and atrophy of several
cortical regions and the cerebellum has been reported (Bage-
pally et al. 2012; Bhalsing et al. 2014).

ET may be considered to be a neurodegenerative disorder
(Benito-Leon 2014; Louis et al. 2014a), and several post-
mortem studies have supported this hypothesis by demon-
strating the presence of Purkinje cell abnormalities(Babij
et al. 2013; Lin et al. 2014; Louis 2016a; Louis et al. 2011,
2014b). It is plausible that to compensate for loss of function
which occurs secondary to atrophy, several brain regions
within the same functional network may show an increase in
size. This study aims to evaluate the volumes of subcortical
structures in patients with ET by automated segmentation
of subcortical structures, and ascertain the presence of dif-
ferences, if any, between ET and healthy controls, ET, and
ETg, ETgyp and ETpyy-

Materials and methods
Subject recruitment and clinical evaluation

This study included 40 patients with ET and 40 age- and
gender-matched healthy controls. Patients were recruited
from the general neurology outpatient clinic and move-
ment disorder services of the National Institute of Mental
Health and Neurosciences, Bangalore, India. The diagnosis
of ET was based on the Consensus statement of the Move-
ment Disorder Society on tremor (Deuschl et al. 1998)
and confirmed by a trained movement disorder specialist.
Demographic details such as gender, age at onset, age at
evaluation and the presence of family history were recorded.
Handedness as established by the Edinburgh Handedness
Inventory (Oldfield 1971) was also recorded. Additionally,
Mini-Mental Status Examination was performed to ascertain
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the presence of cognitive impairment. Tremor of the upper
limbs was assessed at rest, i.e., while sitting with hands
placed supine on the lap, standing and while walking, with
arms outstretched, flexed at the elbow and while performing
the finger—nose test. In addition, the head, voice, trunk and
lower limbs were also evaluated for tremor. Tremor sever-
ity was quantified by the Fahn—-Tolosa—Marin tremor rat-
ing scale (FTMRS) (Fahn et al. 1993). All patients were
evaluated at least 2 weeks after the last dose of medication
to ensure a complete elimination of medications. Patients
were classified as ETy, if the score of any RT question on
the FTMRS, i.e., head, trunk, upper or lower limb, was at
least one. Patients with ET were also thoroughly evaluated to
rule out the presence of bradykinesia, rigidity and dystonia.
Some of the subjects included in this study have been part of
previous studies from our group (Bhalsing et al. 2014, 2015;
Prasad et al. 2018a, 2019).

This study was approved by the Institutional Ethics Com-
mittee and all subjects provided informed consent prior to
recruitment.

Imaging protocol

All MRI scans were performed in a 3T Philips Achieva
MRI Scanner. A 16-channel head coil was used to acquire
3D T1-weighted inversion recovery fast gradient echo
images. The acquisition parameters were as follows: repeti-
tion time: 8.2 ms; echo time: 3.8 ms; flip angle: 8°; slice
thickness: 1 mm; number of slices: 165; acquisition matrix:
256 X256 mm.

Fluid-attenuated inversion recovery images were also
acquired. Images were screened by a neuroradiologist for
structural abnormalities.

Image analysis

Freesurfer 6.0 was employed for pre-processing and seg-
mentation of the sub-cortical regions (http://surfer.nmr.mgh.
harvard.edu). Pre-processing involved skull stripping, bias
correction and non-linear registration to MNI305 atlas. Seg-
mentation of sub-cortical structures was based on a Bayes-
ian probabilistic approach and estimates were made using a
manually labeled training dataset. The classification of each
voxel was achieved by finding the segmentation that maxi-
mizes the probability, given the prior probabilities from the
training dataset (Fischl et al. 2002, 2004). Absolute volumes
of the following subcortical structures were acquired: thala-
mus, caudate, putamen, pallidum, hippocampus, amygdala,
nucleus accumbens, and ventral diencephalon (composed of
the hypothalamus, mammillary body, subthalamic nuclei,
substantia nigra, red nucleus, lateral geniculate nucleus, and
medial geniculate nucleus) and were mapped into the subject
space. Manual inspection of the automated segmentations
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was performed to ensure goodness of fit. All acquired vol-
umes were normalized to the intracranial volume of each
subject prior to statistical analysis.

Statistical analysis

Subjects were categorized as (a) ET and (b) healthy con-
trols. Patients with ET were further subdivided into ETp
and ETy, and ETgp and ETgyy. Continuous variables were
expressed as mean + standard deviation, and categorical
variables were expressed as frequency and percentage. The
volumes of subcortical structures were compared using age
and disease duration as covariates with Bonferroni correc-
tion to account for multiple comparisons. The association
between the volumes of subcortical structures, and demo-
graphic and clinical variables (age, age at onset, duration of
illness, MMSE, total FTMRS score, motor FTMRS score
(A +B), right-sided FTMRS score and left-sided FTMRS
score) was explored by performing Pearson’s correlation.
Statistical significance was set at p <0.05.

Results

Demographic and clinical data

Forty patients with ET were included in this study, of which
27 were definite ET, 6 were probable ET and 7 were possible

ET. Details of demographic and clinical features are pro-
vided in Table 1. Men outnumbered women in all the groups.

There were no significant differences between the age of
patients with ET and healthy controls, and all subjects were
right handed. There was no significant difference between
ETp and ETy with respect to the mean age at presentation
(44.85+12.74 vs 45.05 + 12.84, p>0.05) and the mean age
atonset (33.52+13.87 vs 35.47 + 15.31, p>0.05). Further-
more, the duration of illness was also similar between the
two subgroups (9.00+7.18 vs 9.57+8.52, p>0.05). Both
subgroups reported a similar prevalence of family history.
Patients with ET had a significantly lower MMSE score in
comparison with HC. There were no differences between
ETyyp and ETgyy for any of the above parameters.

The total and part A +B score of the FTMRS was signifi-
cantly higher in the ETy subgroup in comparison with the
ETp subgroup. The difference in tremor severity between
ET and ETy persisted even after scores pertaining to RT
were excluded while calculating the total FTMRS score
(29.00+8.41 vs 36.76 + 14.70, p <0.05). No differences
were observed when sub-scores of part C were compared.
There were no differences between the right and left FTMRS
part A+ B scores for ET, ETp or ET. Additionally, no
significant differences were observed between ETgyp and
ETyyy for the FTMRS total score or sub-scores.

Volumes of subcortical structures

There were no differences in the total intracra-
nial volume between patients with ET and con-
trols (1,289,486.52 + 130,601.96 mm?> vs
1,307,825.58 +£99,719.26 mm?, p =0.48) (Table 2),

Table 1 Demographic and clinical features of patients with essential tremor and controls

HC (n=40) ET (n=21) ETp, (n=19) ETR (n=40) ETgyp (n=24) ETgyy (N=16) p value (ET vs HC,
ETp vs ETyg, ETgyp vs
ETenn)
Gender (male:female) 30:10 28:12 13:08 15:04 18:06 10:06 NS
Age (mean +SD) 46.30+£9.39 449541246 44.85+12.74 45.05+12.84 44.75+12.32 4525+13.46 NS
Age at onset - 3445+14.24 33.52+13.87 3547+1531 2621+14.72 31.81+£14.00 NS
(mean + SD)
Duration of illness - 9.27+7.65 9.00+7.18 9.57+8.52 8.54+7.07 10.38 +8.78 NS
(years)
Family history (%) - 60% (24) 57.14% (12)  63.15% (12) 100% 0% NS
MMSE 29.90+0.20 29.30+0.84 29.42+0.79 29.15+0.87 29.25+0.87 29.37+0.78 p<0.01 (ET vs HC)
FTMRS
Total - 34.08+13.40 29.00+8.41 39.71+15.78 36.39+16.08 30.62+8.54 p<0.01 (ETp vs ETy)
A+B - 18.03+7.25 21.59+6.68 30.13+11.57 19.31+8.46 16.12+5.22 p<0.01 (ETp vs ETy)
C - 16.05+7.32 7.40+3.47 9.57+5.41 17.08 +£8.47 14.50+5.66 NS
Right (A+B) - 8.62+4.22 7.07+2.83 10.34+4.89 9.35+4.99 7.53+2.87 p<0.01 (ETp vs ETy)
Left (A+B) - 9.41+3.68 7.28+2.90 11.76 £3.06  9.95+4.07 8.59+3.22 p<0.01 (ETp vs ETR)

ET essential tremor, ETyp essential tremor with positive family history, ETyyy essential tremor with negative family history, ETp essential
tremor with postural tremor, ET}, essential tremor with rest tremor, FTMRS Fahn-Tolosa—Marin rating scale, HC healthy controls, MMSE Mini-

Mental Status Examination, NS not significant, SD standard deviation
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Table2 Volumes of subcortical structures (X 107%) in subjects with
essential tremor and controls, patients of essential tremor with an iso-
lated postural tremor (ETp) and subjects with essential tremor with

rest tremor (ETy), and patients of ET with positive family history
(ETgyp) and patients of essential tremor with negative family history
(ETgnn)

HC (n=40) ET (n=40) ETp(n=21) ETg (n=19) ETgp (1=24) ETgy ETvs HC ETpvs ETy ETgyp vs
(n=16) ETenn
Right hemisphere
Thalamus 516+033 4.71+046 4.73+046 4.67+045 4.69+0.40 4.73+0.50 <0.01 0.67 0.79
Caudate 2.63+028 290+0.37 297+038 2.83+0.34 2.97+0.36 2.79+0.36 <0.01 0.24 0.15
Putamen 3.84+044 430047 426+049 433+044 431+0.52 4.27+0.37 <0.01 0.62 0.8
Pallidum 1.08+0.15 1.24+0.16 1.21+0.11 1.28+0.19 1.25+0.17 1.22+0.13 <0.01 0.18 0.49
Hippocam-  3.21+0.22 3.04+0.32 3.08+0.34 299+0.29 3.04+0.33 3.03+0.30 <0.01 0.43 0.93
pus
Amygdala 1.16+0.13  1.36+0.15 1.36+0.16 137+0.14 1.33+0.13 4.41£0.17 < 0.01 0.83 0.14
N. accum- 4.63+0.07 0.53+£0.08 5.26+0.09 0.54+£0.07 0.54+0.08 0.51£0.06 < 0.01 0.39 0.27
bens
Ventral DC~ 2.93+0.19 2.59+0.25 2.55+0.22 2.64+0.02 2.63+0.22 2.53+0.28 < 0.01 0.25 0.26
Left hemisphere
Thalamus 5.61+047 4.87+043 4.85+043 4.89+042 4.87+0.40 4.87+0.49 < 0.01 0.77 0.98
Caudate 261+029 274+037 281+036 2.66+036 2.74+0.36 2.72+0.38 0.15 0.21 0.88
Putamen 4.07+048 450+0.61 456+0.66 444+053 4.45+0.69 4.58+0.45 < 0.01 0.55 0.52
Pallidum 1.16+0.19 1.18+0.17 1.17+0.16 1.19+0.17 1.20+0.17 1.16+0.16 0.63 0.69 0.42
Hippocam-  3.10+0.40 2.89+0.36 295+0.35 2.82+0.35 2.90+0.38 2.88+0.32 <0.01 0.26 0.9
pus
Amygdala 1.11+0.19 1.12+0.14 1.12+0.13 1.11x+0.15 1.10+0.10 1.14+0.18 0.81 0.72 0.32
N. accum- 0.44+0.08 0.57+0.10 0.58+0.09 0.55+0.10 0.59+0.10 0.53+0.09 <0.01 0.29 0.09
bens
Ventral DC~ 2.84+0.19 2544026 251+0.24 258+0.28 2.53+0.24 2.56£0.29 < 0.01 0.44 0.77

DC diencephalon, ETy;,p essential tremor with positive family history, ETyy,y essential tremor with negative family history, ET), essential tremor
with an isolated postural tremor, N. Accumbens nucleus accumbens, ET, essential tremor with rest tremor

ETp, and ETy (1,294,127.46 +131,420.77 mm® vs
1,284,357.06 + 129,497.57 mm?, p=0.81) (Table 2), and
ETpgp and ETgyy (1,285,966.72 + 149,331.07 mm?® vs
1,294,766.23 + 95,635.07 mm?, p =0.83) (Table 2).

Patients with ET versus healthy controls (Table 2)

Comparison of the volumes of subcortical structures in
patients with ET and healthy controls revealed a signifi-
cant atrophy of bilateral thalamus, hippocampus, and
ventral diencephalon. A significant increase in volume
in patients with ET was observed in the right caudate
nucleus, pallidum, amygdala, and bilateral putamen, and
nucleus accumbens (Fig. 1).

Patients with ET, versus ET (Table 2)
Comparison of the volumes of subcortical structures in

patients with ET, and ETy did not reveal any significant
differences between the two subgroups.
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Patients with ET, versus ETg,, (Table 2)

Comparison of the volumes of subcortical structures in
patients with ETpyp and ETyyy did not reveal any significant
differences between the two subgroups.

Correlations (Table 3)

Significant negative correlations were observed between
the age of patients with ET and the volumes of bilateral
thalamus, putamen, pallidum, nucleus accumbens and ven-
tral diencephalon. The total FTMRS score negatively cor-
related with volumes of the left putamen and bilateral hip-
pocampus. The part A + B score of the FTMRS score was
found to have a negative correlation with volumes of the left
putamen and hippocampus. Right FTMRS scores negatively
correlated with left putaminal volume and the left FTMRS
scores negatively correlated with bilateral hippocampal and
left putaminal volumes. No significant correlations were
observed between the MMSE score and volumes of subcor-
tical structures.
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Hypertrophy

Fig.1 Abnormal subcortical volumes in ET. a Axial view show-
ing: atrophy of bilateral thalamus, hippocampus and right pallidum,
and hypertrophy of right caudate, bilateral putamen. b Coronal view
showing hypertrophy of bilateral putamen, nucleus accumbens and

Table 3 Significant correlations between volumes of subcortical
structures and demographic and clinical features of patients with
essential tremor

R value p value

Age

Right thalamus —0.437 <0.01

Right putamen —0.555 <0.01

Right pallidum —0.480 <0.01

Right nucleus accumbens -0.328 <0.05

Right ventral DC —0.386 <0.01

Left thalamus -0.534 <0.01

Left putamen -0.610 <0.01

Left pallidum -0.524 <0.01

Left nucleus accumbens -0.524 <0.01

Left ventral DC -0.325 <0.05
Total FTMRS

Right hippocampus -0.315 <0.05

Left putamen —0.495 <0.01

Left hippocampus —-0.311 <0.05
FTMRS (A+B)

Left putamen —0.496 <0.01

Left hippocampus —-0.316 <0.05
FTMRS (right)

Left putamen —0.453 <0.01
FTMRS (left)

Right hippocampus —-0.330 <0.05

Left putamen —0.384 <0.05

Left hippocampus —0.385 <0.05

DC diencephalon, FTMRS Fahn-Tolosa—Marin tremor rating scale

Atrophy

right caudate. ¢ Coronal view showing atrophy of bilateral thalamus,
ventral diencephalon, and hippocampus, and hypertrophy of bilateral
putamen, right caudate and right amygdala

Discussion

In this study, we investigated changes in volumes of sub-
cortical structures in patients with ET using automated seg-
mentation. Our analysis revealed several significant areas
of atrophy and hypertrophy involving structures associated
with motor and non-motor functions. We observed a signifi-
cant atrophy of bilateral thalamus, hippocampus, and ven-
tral diencephalon, and a significant hypertrophy of bilateral
putamen and nucleus accumbens and right caudate, pallidum
and amygdala. A review of literature reveals an incongruent
picture of subcortical volume changes in ET, with reports
ranging from no difference to regions of widespread changes
(Supplementary Table 1). These differences may be due to
variability in methods of evaluation and sample size. The
observations in our study may aid in explaining the motor
and non-motor symptoms observed in ET and provide fur-
ther insights into the pathogenesis of ET.

Motor symptoms

ET has been considered to be a neurodegenerative disor-
der and the most favored pathophysiological hypothesis is
of GABAergic deficit secondary to Purkinje cell pathology
(Babij et al. 2013; Helmich et al. 2013; Louis 2016a; Louis
et al. 2011, 2014b). Several recent studies have implicated
the possible involvement of both the basal ganglia and cer-
ebellar networks in the pathogenesis of ET, with the former
observed in patients of ET with a RT (Caligiuri et al. 2017,
Nicoletti et al. 2015). The role of both these networks in the
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generation and modulation of tremor has been previously
described (Helmich et al. 2013). Hence, concurrent morpho-
metric changes in the structures involved in these networks
may be expected.

To explain the observed volume changes in the caudate,
putamen and the globus pallidus interna (GPi), we postu-
late a model (Fig. 2) which suggests that these changes may
occur secondary to Purkinje cell death. The initial GABAe-
rgic deficit due to Purkinje cell degeneration may lead to
a reduction of the inhibitory output from the cerebellar
deep nuclei to the ventral lateral posterior nucleus (VLp)
(Fig. 2a). Owing to this, there is an increase in the excita-
tory output from the VLp to the motor cortex (Fig. 2b). This
results in an increased cortical output from the motor cortex
to the pontine nuclei, which in turn may produce hyperac-
tivity of the cerebellar network (Fig. 2c). Furthermore, the
increased excitatory input which the motor cortex receives
from the VLp may lead to a sequential increase in the excita-
tory output from the motor cortex to the basal ganglia, i.e.,
the striatum (Fig. 2d). Increased excitation of the striatum
can potentially increase the inhibitory output of the GPi
(Fig. 2e), subsequently reducing the inhibitory output of
the GPi to the ventral lateral anterior nucleus (VLa), and
thereby increasing the excitatory output to the motor cortex
(Fig. 2f, g). These changes may lead to hyperactivity of the
basal ganglia network.

Although the observed caudate hypertrophy fits our
postulated model, it varies from the report of atrophy by
Lin et al. (2013). This discrepancy may be attributable to
a significantly smaller sample size in comparison with our
study and differences in method of volume estimation—
VBM versus automated segmentation. Although we have

Motor cortex

(d) l (c)

Caudate 0 Pontine

Putamen nuclei
(e) I (b)
(e
I Cerebellum
v
VI e e e = GPi VP e m - Cerebellar
(?1) f) (4) (1) (a) deep‘nuclei
1 GABA 1
. 1
m— Excitat
xettatory Purkinje cell

=== |nhibitory

degeneration

Fig.2 Proposed model for the mechanism of volume change in motor
networks. Arrows in brackets indicate the observed or expected vol-
ume change. GPi globus pallidus interna, VLa ventral lateral anterior
nucleus, VLp ventral lateral posterior nucleus. See “Discussion” for
details
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observed thalamic atrophy in our study, it is possible that
individual thalamic nuclei, i.e., the VLa and the VLp may
be selectively hypertrophied in comparison with controls.
Therefore, a further evaluation of the volumes of thalamic
nuclei is necessary to confirm our findings.

A comparison between ETp and ET}, subgroups revealed
no differences, which is in concurrence with a previous
report by Nicoletti et al. (2015). Although changes in pal-
lidal volumes were anticipated based on the reports of GPi
involvement in the genesis of rest tremor (Caligiuri et al.
2017; Nicoletti et al. 2015), we did not observe such a
finding.

Significant correlations between the volume of the left
putamen and disease severity as measured by the FTMRS
were observed. This result contributes to the possible role
of the putamen in the pathogenesis of ET. The correlation
observed between age and thalamus, putamen and pallidum
may be attributable to normal age-related changes rather
than a disease process.

Non-motor symptoms

The motor features of ET are the main symptoms in ET;
however, non-motor features are increasingly being recog-
nized as a crucial component of ET. These symptoms may
be classified into distinct domains such as cognitive, psychi-
atric, sensory and other (sleep disturbances) (Chandran and
Pal 2012; Louis 2016b). The observed volume changes in the
present study may account for several of these symptoms.

Cognitive non-motor symptoms

Numerous studies have documented cognitive deficits in
patients with ET, and these deficits are not limited to older
ET or older onset cases. Executive dysfunction and impair-
ment of memory are the most commonly reported deficits
(Louis 2016b). Although cerebellum plays a role in these
cognitive processes, the observed deficits in these domains
in patients with ET cannot be entirely implicated due to
cerebellar dysfunction. Several neuroimaging studies have
demonstrated the involvement of frontal and temporoparietal
areas, which are involved in cognitive and visuospatial pro-
cessing (Bagepally et al. 2012; Bhalsing et al. 2014, 2015;
Daniels et al. 2006). Bhalsing et al. (2014) demonstrated
significant correlations between neurocognitive deficits in
ET and observed gray matter atrophy. We found a significant
atrophy of the hippocampus in our cohort of ET patients,
and this finding has not been previously reported in ET.
Hippocampal volume loss has been frequently implicated
in cognitive impairment (Peng et al. 2015). Although in the
present cohort patients with ET had a lower MMSE in com-
parison with controls, we did not observe any significant
correlations between MMSE scores and any subcortical
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volumes. Furthermore, the thalamic atrophy observed in the
present study may also be contributory to cognitive impair-
ment. The ventral anterior nucleus of the thalamus forms a
crucial component of the Papez circuit (Dalgleish 2004),
and it is possible that there is atrophy of this nucleus in ET,
which may contribute to cognitive impairment.

Psychiatric non-motor symptoms

Depression, apathy, anxiety and personality characteristics
specifically harm avoidance have been frequently reported
in patients with ET (Chandran and Pal 2012; Louis 2016b).
The amygdala and nucleus accumbens are key structures
involved in emotional processing (Dalgleish 2004). We
observed hypertrophy of both the amygdala and nucleus
accumbens in patients with ET. This finding may provide
an explanation for the reported psychiatric non-motor symp-
toms in ET. Lafo et al. (2017) reported an abnormal emotion
modulation in patients with ET which may reflect an aber-
rant cerebellar input to the limbic circuitry. This report may
be extrapolated to imply that psychiatric non-motor symp-
toms observed in ET may also be secondary Purkinje cell
death which leads to abnormal cerebellar output.

Limitations

Although our sample size was larger than most studies of a
similar nature, automated segmentation to evaluate volumes
must be performed in larger cohorts to validate our findings.
Several of the observed results demonstrate unilateral vol-
ume changes. The explanations we have provided for these
observations are generalized and refer to bilateral structures,
and do not account for the unilateral nature of these results.
Evaluation of volumes of thalamic nuclei is necessary to fur-
ther understand the basis of the observed thalamic atrophy.
Owing to the lack of quantitative evaluation of non-motor
symptoms, we were unable to provide correlations between
the observed volume changes and these symptoms. Finally,
this is a cross-sectional study and a prospective longitudinal
study may be necessary to establish the neurodegenerative
nature of the observations obtained in our study.

Conclusions

Patients with essential tremor have significant alterations in
volumes of subcortical structures, which are not limited to
the motor domain and include structures involved in cogni-
tive and behavioral functions. Patterns of volume changes,
both atrophy and hypertrophy, may be observed within func-
tional networks. The widespread nature of these results adds
to the ideology of essential tremor being a neurodegenera-
tive disorder and lends support to the growing concept that

the pathophysiology of essential tremor extends beyond the
cerebellum.
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