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Abstract

Background: Parkinson’s disease (PD) and essential tremor (ET) are commonly encountered
movement disorders. Pathophysiologic processes that localize to the cerebellum are described in
both. There are limited studies investigating cerebellar structural changes in these conditions,
largely because of inherent challenges in the efficiency of segmentation.

Methods: We applied a novel multiatlas cerebellar segmentation method to T1-weighted images
in 282 PD and 111 essential tremor patients to define 26 cerebellar lobule volumes. The severity of
postural and resting tremor in both populations and gait and postural instability in PD patients
were defined using subscores of the UPDRS and Washington Heights-Inwood Genetic Study
motor scales. These clinical measurements were related to lobule volume size. Multiple
comparisons were controlled using a false discovery rate method.

Results: Group differences were identified between ET and PD patients, with reductions in deep
cerebellar nucleus volume in ET versus reduced lobule VI volume in PD. In ET patients, lobule
V111 was negatively correlated with the severity of postural tremor. In PD patients, lobule 1V was
positively correlated with resting tremor and total tremor severity. We observed differences in
cerebellar structure that localized to sensorimotor lobules of the cerebellum. Lobule volumes
appeared to differentially relate to clinical symptoms, suggesting important clinicopathologic
distinctions between these conditions. These results emphasize the role of the cerebellum in
tremor symptoms and should foster future clinical and pathologic investigations of the
sensorimotor lobules of the cerebellum.
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Disease-related changes to cerebellar structure and function! are reported in Parkinson’s
disease (PD) and essential tremor (ET). Although patients may share similar clinical features
of tremor, the clinical presentation, underlying pathologic process, and treatment options
differ. Tremor phenomena in PD patients are often noted at rest, but patients may have
concomitant postural and kinetic tremor symptoms.2 ET patients, in contrast, present with an
action tremor and may have varying degrees of postural and kinetic tremor.3=> Previous
studies have localized changes to the cerebellum and related networks in ET.6.7 However,
there is a paucity of investigations that have assessed cerebellar size and structure in ET and

PD patients, especially investigations that link clinical symptoms to the cerebellar structure.
8,9

There are substantive reasons to hypothesize that group differences in cerebellar structure
exist (ie, ET versus PD). Pathologic changes to the dentate nucleus are noted in postmortem
studies of ET, yet this is not typical in PD.! In addition, previous neuroimaging studies
report structural cerebellar changes in ET,10:11 noting that clinical symptoms appear to
localize to this region.1213 Further, previous studies reported altered gray matter in the
cerebellum,4 and outflow tracts.1>-1° Given these findings, we hypothesize that tremor
symptoms may relate to cerebellar regions that govern sensorimotor function.29-21

The somatotopic organization of the cerebellum is such that peripheral lobules control
movements of the hands and legs, whereas midline cerebellum structures such as the vermis
mediate gait and balance.>22 Imaging studies emphasize duplicate representation in the
anterior (lobules 1V and V) and posterior (lobules VI and VII11) lobes, involved in fine-motor
control.20:22-26 Sensorimotor networks travel through the dentate nucleus of the cerebellum
via afferent projections along the corticopontocerebellar and efferent cerebellar-
thalamocortical tracts.23:27-30

There exist several inherent challenges to imaging investigations of the cerebellum,
including inadequate cerebellar segmentation algorithms and difficulty accounting for
motion artifact in patients with tremor (especially head tremor). Although cerebellar
automation techniques can improve the efficiencies of cerebellar segmentation, many
algorithms poorly delineate cerebellar lobules.3! One method that overcomes these
segmentation challenges is multiatlas segmentation, an automated tool that applies multiple
cerebellar atlases to identify 26 lobules of the cerebellum and overcomes atlas bias by
applying various statistical methods to delineate these structures.32

The overarching goal of this study was to determine if cerebellar volume differed between
PD and ET patients and to investigate if clinical symptomatology (tremor type, tremor
severity, and gait symptoms) relates to cerebellar volume of lobules that control
sensorimotor function. The main methodological approach we employed was a multiatlas
segmentation atlas in a large convenience cohort of ET and PD patients. All participants
underwent a standardized clinical assessments and magnetic resonance imaging (MRI) of
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the brain under general anesthesia, as part of standard procedures for deep brain stimulation
(DBS) planning.” We hypothesized that cerebellar volumes would be reduced in ET patients,
specifically in the deep cerebellar nuclei and sensorimotor lobules. Also, given the clinical
localization of action tremor, cerebellar-outflow networks, and postural instability, we
hypothesized that the volumes of sensorimotor nuclei and vermal lobules would relate to the
severity of tremor (ET) and gait (PD) symptoms.

Demographics

This convenience cohort included 393 participants with a diagnosis of PD or ET. All were
evaluated at Vanderbilt University Medical Center between 2011 and 2017. The diagnosis of
PD or ET was made by a movement disorder neurologist according to established criteria.
33,34 Motor severity was assessed by a single rater using the United Parkinson’s Disease
Rating Scale (UPDRS) for PD patients and the Washington Heights-Inwood Genetic Study
(WHIGET) for ET patients. Postural tremor for the UPDRS and WHIGET were assessed
with the patient extending his or her arms supinated for 10 seconds. For resting tremor, the
participants were instructed to place their arms in a supinated fashion on their laps for 10
seconds. All participants were assessed in an off-medication state, which was defined as
overnight withdrawal of therapies prescribed for motor symptoms. All participants provided
informed written consent, and the study was approved by the Vanderbilt University
Institutional Review Board.

Image Acquisition

Brain imaging was performed using a 3.0T MRI scanner (Philips Achieva, Best, the
Netherlands) with phased-array SENSE 8—channel reception and body coil transmission. T1-
weighted images were acquired using a 3-D magnetization-prepared rapid-gradient-echo
sequence with TR/TE = 7.92/3.65 milliseconds and 1.0 mm isotropic spatial resolution.
General anesthesia was administered for the duration of the MRI imaging. This procedure
was part of the standard-of-care protocol for stereotactic planning for DBS surgery.’

Cerebellar Segmentation

MRI scans were deidentified and defaced, then automatically processed using a multiatlas
plug-in that segments the cerebellum into 26 lobules.3%:36 These lobules include the left and
right lobule, 111, 1V, V, VI, VII, Vllla, VIIIb, IX, Crus I, Crus 11, and vermis VI, VII, Vllla,
IX, X, and deep cerebellar nuclei (Fig. 1). This cerebellar segmentation technique has been
described previously and is optimal for identification of cerebellar structures.3> All scans
were individually inspected for correct lobule identification and noncerebellar segmentation,
with the reviewers blinded to disease state. The verification protocol established by Bogovic
et al. was applied to ensure accurate labeling and segmentation of cerebellar lobules.37

Calculation of Lobule and Lobar Volumes

Segmentation editing was performed using FSLeyes editing tool (0.22.6; FMRIB, Oxford,
UK, https://git.fmrib.ox.ac.uk/fsl/fsleyes/fsleyes/), particularly in cases with erroneous
identification of the neck muscles or the occipital lobe. This method allowed for subtraction
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of extracerebellar voxels and adjustments of lobule segmentation. In total, 393 cerebellar
segmentations passed quality assessments as described by Bogovic et al. Lobule volumes
were calculated using Matlab (Release 2018a; The MathWorks, Inc., Natick, MA) by
counting voxels in a given lobule and multiplying by the voxel resolution, thus resulting in a
cubic millimeter measurement. Left and right lobar volumes were summed, as well as
lobules VIlla and VIIIb, which subserve similar sensory motor function.22 Therefore, 16
lobule volumes were used for the statistical analyses. To account for differences in head size,
volumes were standardized by posterior fossa volume size.38

Clinical Cohort and Motor Assessments

Demographic information including sex, age at imaging study, age at clinical diagnosis,
disease duration, and motor severity (UPDRS-off medication/WHIGET) were collected.
Disease duration was ascertained from the date of first reported motor symptom.39:40

Subscores of the UPDRS and WHIGET, which assessed resting, postural, or action tremor,
were summed and standardized to a common tremor ratio based on a total possible score of
56 on the UPDRS and 52 on the WHIGET. Using these subscores, we calculated 3 tremor
scores: postural tremor, resting tremor, and total tremor score. To score resting or postural
tremor, the UPDRS uses amplitude, frequency of tremor, and if it is apparent at rest or
during a motor task. It is rated 0—4, with higher scores indicating more severity. For resting
and postural tremor, the WHIGET uses amplitude, persistence at rest or action, and
oscillatory movement and is assessed on a 0-3 scale, increasing with severity. Resting and
postural tremors of all extremities were summed for a total tremor score (Q10 and Q21 in
the UPDRS and Q1 and Q2 of the WHIGET). Gait severity was based on Q29 and Q30 of
the UPDRS, which assesses the severity of gait, festination, propulsion, and need for
assistance, and the patient’s ability to recover from a fall after being pulled backward from a
standing position. These scores were summed for a total gait/posture score in PD patients, in
which the WHIGET does not include gait or posture assessments.

Statistical Analysis

Group differences in demographic and clinical parameters present in both ET and PD
patients were evaluated using a ftest or chi-square test (sex). General linear regression
model (GLM) analyses were used to analyze group differences in cerebellar lobule volumes
between PD and ET, covarying for age at scan and sex.#1-43 To evaluate if the volume of the
sensorimotor lobules (ie, lobules 1V, V, VI, and V111)22:23.25:44-46 is related to motor
severity, we performed GLM analyses with cerebellar volume as dependent variables, motor
scores as the independent variable, and age and sex as covariates. In addition, an interaction
model was performed to identify if sensorimotor cerebellar lobules relate to tremors
differently between ET and PD patients while correcting for age and sex. To evaluate if
cerebellar vermis volume is related to gait in PD patients, we performed GLM analyses with
vermal volume as a dependent variable, gait score as an independent variable, and age and
sex as covariates. Finally, to investigate if there are disease-specific cerebellar networks
characterizing motor scores across groups, we performed backward selection analysis with
the motor score as the response, the 16 cerebellar volumes as predictors, and age, sex, and
group as covariates (supplementary material).
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Statistical analyses were performed using R (version 3.5.3). To account for multiple
comparisons, the results were considered significant at the level of false discovery rate
(FDR) of 0.05.

Results

Patient Demographics and Clinical Characteristics

Our cohort consisted of 393 individuals, 282 with PD and 111 with ET (Table 1). ET
patients were older and reported earlier onset of tremor symptoms with longer disease
duration. For PD patients, mean UPDRS off score was 42.35, and for ET individuals, their
average WHIGET score was 28.40.

Cerebellar Differences Between Parkinson’s Disease and Essential Tremor

Figure 1 illustrates cerebellar segmentation results in an ET and PD patient. Group
differences between PD and ET are of interest in 2 cerebellar regions, the deep cerebellar
nuclei and VI. The direction of these differences differed depending on the clinical
diagnosis. Compared with PD patients, ET patients had lower volumes of the deep cerebellar
nuclei (P =0.083, corrected). On the other hand, compared with ET patients, lobule VI was
smaller in PD patients (£ = 0.083, corrected; Fig. 2).

Lobule Volume, Tremor Type, and Tremor Severity

To determine if clinical relevance of tremor type and severity with the volume of the
sensorimotor lobules (1V, V, VI, and VIII) exists, we assessed the relationship between
motor severity and lobule volume. This was based on an a priori definition of tremor type
(ie, postural tremor, resting tremor, and total tremor). For postural tremor, tremor severity
and lobule VI1I volume were negatively correlated in ET patients (= 0.016, corrected). In
contrast, there was no relationship between postural tremor severity and lobule volumes in
PD patients. However, a positive correlation between lobule 1V volume and severity of
resting tremor (P = 0.088, corrected) and total tremor score (= 0.092, corrected) was noted
in PD patients.

We tested for an interaction between cerebellar volume, tremor severity, and group diagnosis
to identify if sensorimotor cerebellar lobules relate to tremor scores differently in ET and PD
patients. An interesting group interaction was noted with postural tremor. Specifically, the
relationship between lobule V111 and postural tremor was different between the ET and PD
groups (P = 0.080, corrected; Fig. 3). No significant differences were identified in the
relationship between resting tremor and cerebellar volumes between the 2 groups.

Vermis Volume and Gait

Based on our a priori hypothesis that lower volumes of the cerebellar vermis relate to the
severity of gait symptoms in PD, we assessed the relationship between the severity of gait
symptoms, with all 5 vermal lobules. This analysis revealed that lower lobule VIlla volume
is negatively correlated with the severity of gait symptoms in PD patients, but this finding
did not pass FDR correction (P = 0.133, corrected).
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Discussion

We observed differences in cerebellar lobule size between the ET and PD groups and
describe interesting relationships between cerebellar structure and the nature and severity of
tremor (postural and resting tremor) in patients. These findings link the sensorimotor
cerebellum to disease-specific tremor symptoms. In ET patients, worsening postural tremor
severity is negatively associated with lobule V11l volume, whereas in PD, worsening resting
tremor scores appear to be positively correlated with lobule IV volume. We propose that
pathologic and cerebellar-based network alterations in respect to each disease state underpin
the clinical relationships between cerebellar lobule size and tremor symptomatology.

Cerebellar Lobule and Relationships to Motor Symptoms

Although postural and resting tremors are recognized clinically as distinct entities, our
findings suggest evidence of within-group differences in cerebellar lobule volume and the
presence of postural and resting tremor. Consistent with the somatotopic organization of the
cerebellum, we note important relationships between lobule V111 size and postural tremor. In
ET, the negative relationship between postural tremor score and lobule V111 volume is
supported by previous studies linking this region to upper extremity somatomotor function.
22 Upper extremity motor movement has traditionally been thought to solely involve the
anterior lobe; our findings support that the posterior lobule is also relevant to motor function,
supporting the conserved role of the anterior and posterior lobes.#6

The positive correlation between increased lobule IV volume and worsening resting and total
tremor scores in PD was unexpected but may support the concept of cerebellar compensation
in PD,*” which may be driven by medication or disease-related effects on somatomotor
cerebellar networks. Previous fMRI studies suggest that increased connectivity of cerebellar-
thalamocortical networks are necessary to compensate for progressive motor dysfunction in
PD.4849 |n patients assessed off L-dopa therapy, increased connectivity between bilateral
lobule 1V predicted faster Grooved Pegboard completion, a standardized assessment of
upper extremity dexterity.%9 In addition, bilateral activation of lobule IV was noted in PD
patients performing simple motor tasks.5% We hypothesize the increased connectivity
between the putamen and lobule IV can result in relative hypertrophy of this lobule.?! The
relationship with total tremor is most likely driven by resting tremor because total tremor is a
composite score of resting and postural tremor. Increased activity in lobule IV may function
to reduce the amplitude and severity of resting tremor.52:53 Prior studies suggest that lobule
V is also involved in compensatory mechanisms of the cerebellum in PD through an anterior
cerebellar lobe network®1:54; however, we did not see a relationship between postural and
resting tremor scores in our study. This may be a limitation of the structural assessment.

In this study, we began with an a priori hypothesis assessing the relationship between
sensorimotor lobules 1V, V, VI, and V11 and tremor severity and vermal volumes and gait
severity. It is possible that disease-specific cerebellar networks may include other regions
and impact motor scores differentially in different groups. Unbiased multivariate backward
selection analyses (supplementary material) confirmed that sensorimotor lobules 1V and V
are relevant to group-related tremor symptoms, but also emphasized the potential role of
Crus | and lobule IX. Traditionally, Crus I is associated with nonmotor function such as
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speech and memory,2146 whereas lobule 1X is involved with visual guidance.? Crus | and
lobule IXX’s role in motor movement is not well understood and deserves further
investigation, especially as visually guided networks may differ in ET patients.>®

Group Differences Between ET and PD

ET and PD patients can have overlapping clinical characteristics, sometimes making a
definitive diagnosis difficult. However, we noted 2 regions of the cerebellum that differed
between ET and PD groups. After age- and sex-adjusted cerebellar lobule volume
comparisons, deep cerebellar nuclei regions were smaller in ET compared with PD patients
(P=0.083, corrected). Deep cerebellar nuclei contain 4 nuclei; one is the dentate nucleus.
The dentate nucleus has been identified as the possible etiology of tremor in ET, and
pathophysiologic changes to this region may occur in ET.56:57

Although lobule VI was smaller in PD patients (£ = 0.083, corrected), the somatotopic
organization of this region is complex. Lobule VI has been linked to upper extremity
somatomotor function, topographic face recognition, and cognitive function.? We assessed
various clinical motor scores, such as upper extremity total tremor, postural tremor, resting
tremor, head tremor, and bradykinesia scores, yet these variables did not indicate a
relationship with lobule VI. Lobule VI is functionally coupled to associative regions in the
cerebellar cortex during cognitive and emotional tasks, known to be impacted in PD.58:59
Other neuroimaging studies have identified gray matter atrophy in cerebellar lobules such as
Crus 1.22:60 Our results appear to differ from that previously reported by Chen et al.%0 These
differences may result from distinctions in clinical demographics, such as years of education
or cognitive function. Future studies should assess the role of lobule VI and other posterior
lobules of the cerebellum in cognitive function in PD.

Clinical Implications of Cerebellar Changes in ET

The classification of ET as a neurodegenerative process is largely debated. We observed
reduced volume of deep cerebellar nuclei in ET patients compared with PD patients,
suggesting that ET symptoms are associated with a “degenerating” cerebellum. In previous
studies using magnetic resonance spectroscopy, reductions in N-acetylaspartate/total creatine
ratio, which is as an indicator for neuronal degeneration, were only found in the cerebellum
and in no other brain regions in ET.19.61 |n ET, the dentate can undergo a period of increased
hypertrophy followed by neuronal loss, depending on the stage of disease.62:63 The cause of
this degeneration may be because of atrophy of GABAergic purkinje cells projecting to the
dentate.54:65 Postmortem studies in ET noted a loss of dendritic spines as well as dendritic
arborization compared with healthy volunteers and individuals with PD.5% As ET progresses,
reduced concentrations of GABA receptors in the deep cerebellar nuclei were also noted.57
Because our cohort was moderate to severe in nature (ie, patients needing DBS), this may
account for the volume differences we noted in this region.

Importantly, our findings support our previous work linking white-matter changes seen in
the cerebellothalamo-cortical tract in ET.” This network involves the superior cerebellar
peduncle, which receives input from deep cerebellar nuclei and the dentate and projects to
the thalamus. Given the projections from the medial and dorsal accessory olivary nucleus to
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lobule V111 and cerebellar nuclei, future studies investigating changes to inputs to the dentate
could clarify putative extracerebellar pathologic changes in ET.2

Limitations and Future Directions

Although this multiatlas approach was useful to delineating lobule volumes, it is possible
that a degenerating lobule could artificially stretch adjacent lobules, making them appear
larger volumetrically. We are unware of established methods to study and adjust for this
phenomenon. Importantly, we did not appreciate an abnormal shape of the lobules during
manual review of segmentation results. To better understand changes over time, a natural
history of cerebellar lobule volumes should be performed, inspecting adjacent volume size
and relationships with tremor symptoms. Also, we did not include a nontremor control
population in this study. This is primarily because of possible anesthesia effects on structural
MRI findings, yet the comparison between PD and ET was intended to highlight group and
symptoms differences.58

Given our results, postmortem studies investigating sensorimotor lobules and deep cerebellar
nuclei may be useful in identifying different pathologic processes in ET and PD patients.
Tractography and network investigations of the sensorimotor networks could better elucidate
connections between specific lobules of the cerebellum and subcortical and cortical
structures. In addition, further studies assessing interhemispheric cerebellar changes in
individuals with unilateral or bilateral tremor is warranted. This information may be critical
in understanding clinical presentation, guiding disease-modifying treatments, as well as
differences between other movement disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Multiatlas cerebellar segmentation. Sagittal (left), coronal (center), and axial views for (A)

representative ET patient (male, 68 years) and (B) PD patient (male, 64 years). Specific
lobules: (a) deep cerebellar nuclei, (b) lobule 1V, (c) lobule V, (d) lobule VI, and (e) lobule
VIII are outlined in white. [Color figure can be viewed at wileyonlinelibrary.com]
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Cerebellar volume differences between ET and PD patients. (A-B) Violin plot showing the
distribution of age- and sex-adjusted cerebellar volumes for deep cerebellar nuclei (A) and
lobule VI (B) and for ET and PD patients. (C) Location of the ROIs in the deep cerebellar
nuclei (yellow) and lobule V1 (red) in sagittal (left), coronal (center), and axial (right) views.
[Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 3.
Relationship between lobule VIII volume and upper extremity postural tremor score. (A)

Location of lobule VIII in sagittal (top), coronal (center), and axial (bottom) views. (B)
Linear regression using age and sex as a covariate relating lobule V111 volume and postural
tremor score. Higher postural tremor scores indicate greater impact of motor symptoms. The
interaction model showed that the relationship between lobule V111 and postural tremor was
different between ET and PD groups (FDR-corrected 2= 0.080). [Color figure can be
viewed at wileyonlinelibrary.com]
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Demographic and clinical data

TABLE 1.

Parkinson’s disease (n = 282)  Essential tremor (n = 111) P
Sex (M:F) 184:98 50:61 <0.001
Age at scan (years) 62.14 (8.47) 66.16 (9.65) <0.001
Age at diagnosis (years) 52.74 (8.89) 43.95 (17.7) <0.001
Disease duration (years) 8.98 (4.45) 21.77 (15.53) <0.001
UPDRS OFF total 42.35 (11.98) — —
UPDRS (resting) 3(2.51) — —
UPDRS (postural) 2(1.43) — —
UPDRS (gait) 3(1.62) — —

WHIGET OFF total
WHIGET (resting)
WHIGET (postural)

28.40 (9.19)
2(1.72)
3 (1.45)

Data are shown as mean (standard deviation); UPDRS and WHIGET subscores as median (standard deviation).
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UPDRS OFF, United Parkinson’s Disease Rating Scale off dopamine medication; UPDRS resting and postural, 8 points max; UPDRS gait, 4 points
max; WHIGET OFF, Washington Heights-Inwood Genetic Study of Essential Tremor off essential tremor medication; WHIGET resting and

postural, 6 points max.
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