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Abstract

Background and Objectives

The cerebello-thalamo-cortical circuit plays a critical role in essential tremor (ET). However,
abnormalities have been reported in multiple brain regions outside this circuit, leading to
inconsistent characterization of ET pathophysiology. Here, we test whether these mixed
findings in ET localize to a common functional network and whether this network has ther-
apeutic relevance.

Methods

We conducted a systematic literature search to identify studies reporting structural or metabolic
brain abnormalities in ET. We then used ‘coordinate network mapping,” which leverages a
normative connectome (n = 1,000) of resting-state fMRI data to identify regions commonly
connected to findings across all studies. To assess whether these regions may be relevant for the
treatment of ET, we compared our network with a therapeutic network derived from lesions
that relieved ET. Finally, we investigated whether the functional connectivity of this ET
symptom network is abnormal in an independent cohort of patients with ET as compared with
healthy controls.

Results

Structural and metabolic brain abnormalities in ET were located in heterogeneous regions
throughout the brain. However, these coordinates were connected to a common functional
brain network, including the cerebellum, thalamus, motor cortex, precuneus, inferior parietal
lobe, and insula. The cerebellum was identified as the hub of this network because it was the
only brain region that was both functionally connected to the findings of over 90% of studies
and significantly different in connectivity compared with a control data set of other movement
disorders. This network was strikingly similar to the therapeutic network derived from lesions
improving ET, with key regions aligning in the thalamus and cerebellum. Furthermore, positive
functional connectivity between the cerebellar network hub and the sensorimotor cortices was
significantly reduced in patients with ET compared with healthy controls, and connectivity
within this network was correlated with tremor severity and cognitive functioning.

Discussion

These findings suggest that the cerebellum is the central hub of a network commonly connected
to structural and metabolic abnormalities in ET. This network may have therapeutic utility in
refining and informing new targets for neuromodulation of ET.
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Glossary

ALE = activation likelihood estimation; CNM = coordinate network mapping; DBS = deep brain stimulation; ET = essential
tremor; FWE = family-wise error; VIM = ventral intermediate nucleus of the thalamus.

Introduction

Essential tremor (ET) is the most common movement dis-
order in adults and is increasing in prevalence with the aging
population." The cardinal symptoms of ET are postural and
kinetic tremor which predominantly occur in the upper limbs;
however, patients may also have additional soft signs and
symptoms, such as neuropsychiatric symptoms and cognitive
impairments.™

It is widely accepted that the cerebello-thalamo-cortical circuit
is involved in ET.>* Abnormality of this circuit is evidenced by
postmortem,5 functional and structural neuroimaging,“’6 and
electrophysiologic studies.” For example, postmortem studies
have shown structural changes of Purkinje cells® and reduced
GABA receptors in the cerebellum of patients with ET® while
neuroimaging studies have also shown cerebellar atrophy (for
a review see reference 6). In addition, this circuit is causally
implicated in ET because deep brain stimulation (DBS) of the
ventral intermediate nucleus of the thalamus (VIM) and zona
inserta effectively alleviates symptoms.'® Noninvasive brain
stimulation to the motor cortex also elicits some reduction of
tremor symptoms, and corticomuscular coherence has dem-
onstrated the intermittent involvement of the motor cortex in
tremor."!

Despite many structural neuroimaging studies implicating
regions of the cerebello-thalamo-cortical circuit in ET, meta-
analyses of these studies seldom converge toward a set of
consistent reliable findings and continue to implicate brain
regions outside this circuit.">"> For example, a meta-analysis
of gray matter alterations in ET showed significant hetero-
geneity between studies, and no areas were deemed reliable.'?
In addition, Han et al."* found consistent gray matter alter-
ation in the precuneus of patients with ET in their meta-
analysis of voxel-based morphometry studies; however, they
showed no consistent abnormalities in the cerebello-thalamo-
cortical circuit. Furthermore, many neuroimaging studies
have found alterations in various areas outside this circuit,
including frontal, visual, and parietal regions."*'® Such in-
consistent evidence has hampered our understanding of the
brain regions primarily involved in ET.

Lack of replicability within ET literature has been attributed
to clinical heterogeneity in patients with ET and varying
methodologies used across studies.”'> However, an alterna-
tive explanation is that the dispersed regions of abnormality in
ET are part of a wider functional network, which includes
regions both within and outside the cerebello-thalamo-
cortical circuit. Therefore, although these neuroimaging
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findings appear inconsistent, they may simply be localizing
different brain regions that form a broader functionally con-
nected network."”

Growing research has demonstrated that many disorders map
to broad brain networks more than specific regions.'® Re-
cently, Joutsa et al." used lesion network mapping to in-
vestigate the functional connectivity of dispersed brain lesions
that relieved ET symptoms. All lesion locations were func-
tionally connected to the cerebellum and thalamus, thus re-
vealing a common network mediating tremor relief defined by
connectivity to key hubs in these regions.'” This finding
suggests that ET may involve a widespread network; however,
it remains unknown whether this network mediating tremor
relief is the same network underlying ET symptoms. Fur-
thermore, the symptom network cannot be delineated using
lesion network mapping because ET, by definition, cannot be
caused by lesions.

Thus, recent studies of idiopathic disorders have used a
similar method termed ‘coordinate network mapping’
(CNM)" to map functional connectivity from locations of
brain abnormality observed in neurologic disorders to localize
the common underlying network.”>*' CNM has successfully
mapped the functional networks of Alzheimer disease,'”
Parkinson disease dementia,>' and migraine.20

Therefore, the aim of this study was to use structural and
metabolic neuroimaging findings to localize the network un-
derlying ET symptoms. First, we will use traditional activation
likelihood estimation (ALE) meta-analytic methods to assess
whether these findings consistently occur in discrete brain
regions; then, we will apply CNM to test whether these
findings better localize to a common functional network with
connectivity to key network hubs. Next, we will compare the
identified ET symptom network to the network mediating
tremor relief.'” Finally, we will investigate whether functional
connectivity within this ET symptom network is abnormal in
an independent cohort of patients with ET and assess whether
the dysfunction of this network is related to tremor and
cognitive symptoms.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

This project used only preexisting, deidentified data and was,
therefore, deemed exempt from an ethical review by the
Deakin University Human Research Ethics Committee.
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Study Selection

A systematic search in the MEDLINE and Embase databases
was performed in March 2022. Searches were conducted us-
ing search terms relating to ET and structural or metabolic
neuroimaging (See eAppendix 1, links.Iww.com/WNL/DSS
for exact search syntax). The inclusion criteria were as follows:
(1) coordinates of significant differences between patients
with ET and healthy controls were reported in publications or
were provided by the author on request; (2) coordinates of
brain abnormalities were identified using T1-weighted MRI,
PET, or SPECT at rest; and (3) whole-brain analysis (not
region-of-interest analysis) was conducted. Coordinates in-
cluded in this study were based on the thresholding used in
the original publication.

Exclusion criteria were (1) participants had received sur-
gical treatment for ET, (2) use of tracers that do not allow
whole-brain analyses (e.g, 123I-FP-CIT SPECT with
specific uptake only in the striatum and certain extrastriatal
regions), and (3) studies not available in English. If mul-
tiple studies evaluated the same participants, only one
study was included.

Activation Likelihood Estimation Meta-
analysis

We performed an ALE meta-analysis of neuroimaging find-
ings in ET using GingerALE 3.0.2. This analysis was con-
ducted using validated methods™ to identify spatial
convergence of foci from different studies (eAppendix 2, links.
Iww.com/WNL/DS5S).

Coordinate Network Mapping

CNM was used to assess whether brain abnormalities in ET
map to a functionally connected brain network, rather than
to particular brain regions.'” First, coordinates reported in
the included studies were converted to MNI152 space, and
4-mm spherical seeds were created on a standard brain
template for each MNI coordinate. These seeds were then
combined into a single map for each study (referred to as a
‘study-specific seed” hereafter; Figure 1A). Second, a nor-
mative connectome of resting-state fMRI (rs-fMRI) scans
from 1,000 healthy adults*® was used to identify the brain
regions that are functionally connected to each study-
specific seed (Figure 1B). Separate positive and negative
functional connectivity maps were generated for each study-
specific seed. Third, these connectivity maps were thresh-
olded at t > + 7, corresponding to whole-brain family-wise
error (FWE) corrected p < 1076,%21>* and binarised. To
ensure that our results were not driven by thresholds, we
also generated maps thresholded at t > + Sand t > £ 9. The
binarised functional connectivity maps were then overlaid
to identify the brain regions that are significantly function-
ally connected to all, or most, of the study-specific seeds'”
(Figure 1C; see eAppendix 3, eFigure 1, links.lww.com/
WNL/DSS5 for threshold selection).

Relevance to Tremor Relief Networks

It is unknown whether the network mediating ET symptom
improvement, previously defined using lesions relieving
tremor,'” is the same network that is driving ET symptoms.
Therefore, we investigated the similarity of these networks

Figure 1 Coordinate Network Mapping Method

A. Study-specific seeds B. Functional connectivity maps
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Study 7

&
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C. Connectivity overlap

(A) Study-specific seeds: 4-mm seeds
were created at every coordinate
reported as significantly abnormal in
essential tremor for each included
study. (B) Functional connectivity
maps: Maps of voxels that were func-
tionally connected to the study-spe-
cific seed were generated using a
normative human connectome (n =
1,000). (C) Connectivity overlap: Each
study's functional connectivity map
was thresholded, binarised, and
overlaid to identify the regions that
are functionally connected with the
most study-specific seeds. Cool colors
= negative connectivity; warm colors =
positive connectivity.
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visually, and also statistically by assessing the spatial correlations
between the functional connectivity maps of our CNM and the
lesion network mapping analysis.'”** Both the CNM and lesion
network mapping analyses generate functional connectivity
maps of t-values, which represent the degree of functional
connectivity to each voxel in the brain from the study-specific
seed or lesion, respectively (See CNM methods above;
Figure 1B). Therefore, spatial correlations were run between
each study-specific seed functional connectivity map and each
lesion functional connectivity map to generate an average
Pearson r value for each pair of functional connectivity maps.”®
An ANOVA with planned contrasts evaluated whether the
spatial correlation between our ET CNM network and the ET
lesion network'® was significantly greater (i, the networks
were more similar) than the spatial correlations between our ET
network and lesion networks of a data set of control disorders.
To avoid bias in control cohort selection, this data set included
all other movement disorders on which our laboratory has
performed lesion network mapping: Holmes tremor (n = 36),°
cervical dystonia (n = 25),** tics (n = 19), and parkinsonism
(n = 29).” Significance level was set at p < 0.05.

Hub of the Essential Tremor Network

Our CNM analysis revealed a brain network sensitive to ET
by mapping functional connectivity from brain abnormalities
found in patients with ET. In addition to this, we sought to
define a brain network specific to ET, by identifying con-
nectivity patterns that were unique to ET compared with
other movement disorders. To do this, we compared our
CNM results with a control data set comprising all CNM
analyses that our laboratory has conducted in other move-
ment disorders, namely cervical dystonia, Tourette syndrome,
and parkinsonian disorders. An ANOVA with planned con-
trasts was used to identify voxels at which functional con-
nectivity from ET study-specific seeds were significantly
different from that of the control disorders.”® Threshold-free
cluster enhancement was used to correct for multiple com-
parisons (using FSL Randomise), with the significance level
set at p < 0.05 (corrected).”®

Next, to identify the brain regions that were both sensitive and
specific to ET, we performed a conjunction analysis of the
above maps resulting from the CNM and specificity analyses.
This conjunction identified regions comprising voxels that
were both connected to over 90% of study-specific seeds”
and specifically connected to ET compared with other
movement disorders. The voxels surviving both analyses were
defined as the ‘hub’ of our ET network.

Validation in an Independent Cohort of
Patients With ET

The above analyses identified the hub of the ET network,
which was then used in a seed-to-voxel analysis to test whether
the functional connectivity of this network hub was abnormal
in an independent data set of patients with ET. This data set
comprised 48 patients with ET and 49 healthy controls, col-
lated from 2 published rs-fMRI studies."®*® All images were
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preprocessed and analyzed using CONN, Statistical Para-
metric Mapping toolbox (SPM12) and Matlab (version
R2020b) (preprocessing methods are detailed in eAppendix
4, links.Iww.com/WNL/DSS).

Functional connectivity from the network hub to the rest of
the voxels in the brain was compared between ET and healthy
controls using a nonparametric permutation-based inference
with threshold-free cluster enhancement. ‘Scanning site’” was
entered as a covariate of no interest to control for any dif-
ferences across study sites. Clusters with a FWE rate corrected
p < 0.05 were considered significant.

To assess whether significant group differences in functional
connectivity were exclusive to our ET network hub, we per-
formed a control analysis that repeated the seed-to-voxel
analysis using hubs derived from other disorders analyzed
with CNM by our laboratory (i.e., cervical dystonia, Tourette
syndrome, parkinsonian disorders).

The seed-to-voxel analysis revealed a significant group dif-
ference in functional connectivity from the ET network hub
to bilateral clusters in the sensorimotor cortices. To assess
whether this abnormal functional connectivity correlated with
clinical scores in these patients with ET, the functional con-
nectivity values between the ET network hub and the bilateral
sensorimotor cluster in patients with ET were calculated
in CONN, and then extracted. Correlations were then con-
ducted in Jamovi (version 2.3.13.0) between these values and
the clinical scores of patients with ET, including tremor se-
verity (Fahn-Tolosa-Marin tremor rating scale; FTM), cog-
nitive functioning (Frontal assessment battery; FAB), patient
age, and disease duration (see eAppendix S, links.Iww.com/
WNL/DSS for details).

The ET network hub identified by the above analyses fell
predominantly within cerebellar lobule VI and lobules
VIIB/VIII, which closely aligned with cerebellar motor
representation 1 (Lobule I-VI) and motor representation 2
(Lobule VIII).>**! Previous work has indicated that these
regions of the cerebellum have differential involvement in
ET and has recommended that they be assessed sepa-
rately.32 Therefore, a post hoc analysis was conducted in
which the network hub was divided into 2 ROIs along the
fissure between lobules VI and VII using the “cerebellum
atlas in MNI space after normalization with FLIRT”** in
ESL (for visualization refer to Results). These ROIs are
henceforth referred to as (1) Lobule VI Cluster and (2)
Lobule VIIB/VIII Cluster. To investigate whether these
separate portions of the network hub have distinct in-
volvement in ET, the functional connectivity from each
ROI to the sensorimotor cortices in patients with ET was
correlated with their clinical scores.

To further examine the relevance of our ET network to
therapeutic interventions, we also investigated whether
functional connectivity from our ROIs to the established
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clinical target for deep brain stimulation (MNI coordinates:
x =113,y =-18,z=-2%*) was correlated with patient clinical
scores.

Visual inspection of the correlations between functional
connectivity and clinical scores using scatterplots showed a
number of possible outliers. To assess this objectively, data
points with a Cook distance of >0.5 were considered outliers
and removed from the model®® (see eAppendix 6, eFigure 2,
links.Iww.com/WNL/DSS for outlier removal).

Data Availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.

Results

Included Studies

A total of 2,558 records were identified in the systematic
search. After screening, 14 studies met inclusion criteria and
were included in the analyses (See eFigure 3, links.Iww.com/
WNL/DSS for PRISMA flowchart). Overall, these studies
included 219 participants diagnosed with ET and 221 healthy
control participants. Of the included studies, brain abnor-
malities in ET were identified utilizing T1-weighted MRI in 8
studies, PET in 4 studies (H,">O: n = 2; C'°O,: n = 1; F-18-
FDG: n = 1), and 2 studies used SPECT (Tc-99mHMPAO:
n = 1; 99mTc-Ethyl cysteinate dimer: n = 1) (See the eTable
for a summary of included studies). The coordinates of brain
abnormalities reported in these studies were widespread
across various brain regions (Figure 2A).

Activation Likelihood Estimation Meta-analysis
There were no significant clusters using the recommended
meta-analytic methods.”” An exploratory analysis using a less
stringent threshold (p < 0.001 uncorrected) showed 8 significant
clusters spread across various brain regions (eFigure 4, links.lww.

com/WNL/DS53).

Coordinate Network Mapping

Despite the heterogeneity of coordinate locations (Figure 2A),
CNM demonstrated that study-specific seeds were functionally
connected to a common brain network encompassing the
cerebellum, thalamus, and cortical regions (Figure 2B; for all
brain slices see eFigure SA, links.lww.com/WNL/DSS).

Positive connectivity from 11 of 14 study-specific seeds con-
verged on the bilateral precentral gyri, thalamus, inferior pari-
etal lobes, right precuneus, and left insula, and all 14 of 14
study-specific seeds were functionally connected to the cere-
bellum (Figure 2B). In addition, negative connectivity from
over 11 of 14 study-specific seeds converged on the superior
and inferior frontal gyri and the superior and middle temporal
gyri. These results were robust across thresholds (t=+7,5,9;
eFigure SA-C, links.ww.com/WNL/DSS).

To evaluate whether this result was driven by local connectivity
of coordinates located in the cerebellum, we also performed the
CNM analysis excluding all cerebellar coordinates. The func-
tional connectivity from distal coordinates strongly resembled
the main results, with 8 of 12 (2 studies had cerebellum co-
ordinates only) study-specific seeds still positively connected to
the cerebellum (eFigure 6, links.lww.com/WNL/DSS).

Figure 2 Coordinate Network Mapping Results

n coordinates

(A) Locations of structural or metabolic abnor-
mality in essential tremor. 150 coordinates of
significant structural or metabolic differences
between patients with ET and controls, extracted
from 14 neuroimaging studies. Reported areas of
abnormality were widely dispersed across the
brain. (B) The network of essential tremor. The
coordinate network mapping analysis revealed a
network of regions sensitive to essential tremor
(connected to 11/14 study-specific seeds). Warm
colors = positive connectivity; cool colors = nega-
tive connectivity.
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Figure 3 Relevance of the Essential Tremor Network to Tremor Relief

(A) Our essential tremor symptom network (red)
aligned closely with the tremor relief network
(green; Joutsa et al., 2018) in the thalamus and
cerebellum. (B) The established deep brain stim-
ulation target (blue) also overlapped with our es-
sential tremor network (red) in the ventral
intermediate nucleus of the thalamus. (C) Spatial
correlations revealed that our essential tremor
symptom network was more similar to the tremor
relief network (Joutsa et al., 2018) than networks

of a control group of all control disorders. CD =
cervical dystonia; ET = essential tremor; HT =
Holmes tremor; PARK = Parkinsonism; TICS = Tics,

C 0.20 -
*k*
0.15 e} T )
[J]
=
i
<« 0.10 A -
o
0.05
T T T T T
ET HT CD TICS PARK
Comparison

*k%p < 0.001.

Relevance to Tremor Relief Network

To assess whether our ET network is similar to the network
mediating tremor relief,"” we first overlaid the networks vi-
sually and found striking similarities in the thalamus and
cerebellum (Figure 3A). We also visually compared our ET
network with the established DBS target site,** which over-
lapped almost exactly in the VIM (Figure 3B). In assessing the
networks’ similarity statistically, the spatial correlation anal-
ysis demonstrated that our ET network was significantly more
correlated with the tremor relief network'® than lesion net-
works of control disorders (F = 5.16, df = 4, p < 0.001;
Figure 3C). Of the control disorders, the network of Holmes
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tremor, which is characterized by resting and intention
tremor,” was the most similar to our ET network.

Hub of the Essential Tremor Network

The hub of the ET network was defined by the conjunction of
voxels that were sensitive and specific to ET. The CNM analysis
localized the network sensitive to ET and found that the cere-
bellum was the only brain region positively connected to over
90% of study-specific seeds (Figure 4A). The cerebellum was also
the only brain region with significantly greater positive functional
connectivity from study-specific seeds in ET compared with
control disorders (Figure 4B). Therefore, a conjunction analysis

Neurology.org/N
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Figure 4 Defining the Hub of the Essential Tremor Network

A. Sensitive to ET

C. conjunction (network hub of ET

&

(A) Sensitive to ET: Coordinate network mapping found the cerebellum to be most strongly connected to coordinates of brain abnormality in ET (thresholded
at 90%, connected to 13/14 study-specific seeds); (B) Specific to ET: A specificity analysis revealed voxels with significantly greater functional connectivity to
coordinates of abnormality in essential tremor than control disorders (p < 0.05). (C) Conjunction (network hub of ET): A conjunction analysis identified a
network hub that was both sensitive and specific to essential tremor.
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of these sensitive and specific voxels defined the hub of the ET
network in cerebellar lobules VI and VIIB/VIII (Figure 4C).

Validation in an Independent Cohort of
Patients With ET

Functional connectivity from the ET network hub (Figure 4C)
was investigated in rs-fMRI data from an independent cohort of
patients with ET compared with healthy controls. Patients with
ET had significantly different functional connectivity between
the network hub and bilateral clusters in the sensorimotor cortex
compared with healthy controls (Figure SA), with functional
connectivity, on average, positively correlated in healthy controls,
yet anticorrelated in patients with ET (Figure SB). This abnor-
mal functional connectivity was exclusive to our ET network
hub, with no significant group differences observed using hubs
of control disorders.

Functional connectivity between the network hub and bilateral
sensorimotor cluster did not significantly correlate with clinical
scores. However, the network hub spans across both cerebellar
motor representation 1 (Lobule I-VI; Figure 6, blue) and motor
representation 2 (Lobule VIII; Figure 6, green),w’31 which may

Neurology.org/N

have distinct involvement in ET symptoms.®” Therefore, we
divided the network hub accordingly33 and investigated the
functional connectivity of the 2 separate hub clusters: (1)
Lobule VI cluster and (2) Lobule VIIB/VIII cluster (Figure 6).

In this post hoc analysis, cognitive scores (FAB) were positively
correlated with functional connectivity between the lobule VIIB/
VIII cluster and bilateral sensorimotor cluster (r = 0.36, p = 0.014)
(Figure 7A), suggesting that less positive connectivity between
these regions relates to lower cognitive functioning, In addition,
tremor (FTM) scores positively correlated with functional con-
nectivity from the VIM DBS site to both the bilateral sensorimotor
cluster (r=0.38, p = 0.009) (Figure 7B.b) and the lobule VI cluster
(r=030, p = 0.042) (Figure 7B.c), indicating that greater positive
functional connectivity between these clusters and the VIM relates
to worse tremor severity. Patient age and disease duration were not
significantly correlated with functional connectivity.

Discussion

There are several important findings in this study. First, brain
abnormalities underlying ET occur in various brain regions

Neurology | Volume 101, Number 15 | October 10, 2023
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Figure 5 Abnormal Functional Connectivity in Essential Tremor
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(A) Functional connectivity between the network
hub in the cerebellum and the sensorimotor cor-
tices was significantly different in patients with
essential tremor compared with healthy controls.
(B) Bar charts (mean + 95% Cl for each group) and
individual participant connectivity values show
that, on average, these regions were positively
connected in healthy controls (left) yet negatively
functionally connected in patients with essential
tremor (right).

but are part of a functionally connected brain network defined
by common connectivity to a network hub located in the
cerebellum. Second, this connectivity profile underlying ET
symptoms is similar to the connectivity profile of lesions that
mediate tremor relief'” and aligns with the established DBS
site in the VIM. Finally, functional connectivity within our ET
network was abnormal in an independent cohort of patients
with ET compared with healthy controls, and connectivity
from the network hub was also significantly correlated with
both tremor and cognitive symptoms.

The cerebello-thalamo-cortical circuit is widely thought to be
involved in ET, yet neuroimaging studies have shown brain
abnormalities in a variety of regions both within and outside
this circuit, and previous meta-analyses have failed to show
robust findings.'>'®> This study used ALE meta-analysis to
assess the convergence of previously reported structural and
metabolic brain abnormalities in ET and found no brain areas
were consistent across studies. Therefore, we used CNM to
reconcile these seemingly inconsistent neuroimaging findings
and showed that they localize to a single functionally con-
nected network, which included the regions of the cerebello-
thalamo-cortical circuit and further extended to a small

Neurology | Volume 101, Number 15 | October 10, 2023

number of key nonmotor regions (inferior parietal lobes, right
precuneus and left insula; Figure 2B).

The involvement of this network in ET is strongly supported
by previous evidence. For example, the thalamus acts as a relay
station with connections to both the cerebellum and the
cortex and is an effective target site for deep brain stimulation
to modulate this network and relieve tremor.>® In addition,
research using magnetoencephalography demonstrated
altered communication of a network including the motor
cortex, thalamus, and cerebellum during tremor in patients
with ET.” Furthermore, regions of our ET network outside
of the cerebello-thalamo-cortical circuit have also been
implicated in ET for their potential contribution to tremor
severity or cognitive symptoms. The inferior parietal lobes
are involved in integrating visual and sensorimotor in-
formation, with significant functional connections to the
sensorimotor cortices, cerebellar lobule VI (both part of
our ET network), and the visual cortex.’” A number of
studies have identified the involvement of the parietal lobes
in ET'*'>%% and have suggested that activity in this area is
associated with tremor severity increasing with visual

feedback.!*3®
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Figure 6 Hub of the Essential Tremor Network: Division of
Distinct Functional Representations

Lobule VI cluster

st motor representation

The cerebellum can be organized based on functional gradients, which in-
cludes 2 functionally distinct motor representations: motor representation
1 (shaded blue) and motor representation 2 (shaded green).>*3' When
overlaid onto these functional gradients, our network hub of ET (red) falls
largely within the 2 motor representations. Therefore, we split the hub into 2
separate clusters along the fissure between lobule VI and VI to investigate
whether these portions of the hub may have differential involvement in ET.
These 2 hub clusters (red) are referred to as (1) Lobule VI Cluster, and (2)
Lobule VIIB/VIII Cluster.

Consistent with our findings, the precuneus has also been
consistently identified as abnormal in ET" and may be as-
sociated with cognitive impairments in patients with ET.*’
Interestingly, Passamonti et al.* showed increased functional
connectivity between cerebellar lobule VI (the hub of our
network) and the precuneus in patients with ET with low
cognitive functioning and suggested that cognitive symptoms
in ET may involve a dysfunction of the precuneus, possibly
driven by the cerebellum. In line with this hypothesis, the left
insula was also identified as part of our ET network, which is
thought to be involved in switching between the default mode
network and task-positive networks,** and may also be im-
plicated in cognitive symptoms of ET.*

The cerebellum has been strongly implicated as the driver of
symptom generation in ET, with studies showing morpho-
logical changes and loss of Purkinje cells,® GABAergic dys-
function,” and abnormal cerebellar connectivity.® In this
study, the cerebellum was found to be the hub of our ET
network, connected to all 14 study-specific seeds, and the only
brain region with positive connectivity specific to ET com-
pared with other movement disorders. This network hub lo-
calized to cerebellar lobules VI and VIIB/VIII, which aligned
with the cerebellar motor representations (Figure 7).303!
Notably, this pattern of connectivity was still present even
when all cerebellar coordinates were removed from the
analysis (eFigure 6, links.lww.com/WNL/DSS), demon-
strating that dispersed brain abnormalities seen in ET may be
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distal nodes of the ET network influenced by dysfunction of
the cerebellar hub.

Aloss of positive functional connectivity between the network
hub in the cerebellum and the sensorimotor cortices bi-
laterally was demonstrated in an independent cohort of pa-
tients with ET, which is consistent with previous functional
neuroimaging studies that have also shown reduced connec-
tivity between these regions in ET in both resting-state®”**
and task-based® paradigms. More specifically, this study
showed the network hub and the sensorimotor cortices were
anticorrelated in patients with ET, whereas these regions were
positively correlated in healthy controls; these results support
the hypothesis that the cerebellum may be “disconnected”
from the motor network in ET.* As such, the decoupling of
the cerebellum with other regions of this network has been
suggested to impede communication between the cerebellum
and motor cortex during action, which may give rise to

43
tremor.

The cerebellum has a complex functional neuroanatomy
which subserves a myriad of motor and nonmotor pro-
cesses,”® yet because of challenges of resolution and seg-
mentation, cerebellar lobules have rarely been investigated
separately in the ET literature.***> Recent studies®>' have
established that the organization of the cerebellum involves 2
motor representations (lobules I-VI and VIII; Figure 6), each
of which has different contributions to motor processing. This
may be reflected in ET pathophysiology as Buijink et al.*>
used functional connectivity analyses to demonstrate the
differential involvement of the anterior (lobules I - V/VI) and
posterior (lobules VI/VII - X) cerebellum in ET. The results
of this study provide further support for this distinction,
showing that functional connectivity of the separate hub
clusters in lobule VI and lobules VIIB/VIII correlated with
tremor and cognitive functioning, respectively.

Here, reduced positive connectivity between lobules VIIB/
VIII and the sensorimotor cortices was related to worse
cognitive performance in patients with ET, which is consistent
with previous evidence from cerebellar strokes whereby le-
sions to lobules VIIB/VIII were associated with cognitive
performance46 and functional neuroimaging studies which
have also shown these regions to be involved with working
memory and executive functions.*’

Interestingly, tremor severity was not correlated with func-
tional connectivity between the cerebellum and sensorimotor
cortices directly but was positively correlated with functional
connectivity between cerebellar lobule VI and the VIM and
connectivity between the VIM and the sensorimotor cortices
(Figure 7B). This finding supports the hypothesis that ab-
normal oscillations in the cerebello-thalamo-cortical circuit
underlie tremor, with the thalamus mediating abnormal
connectivity between the cerebellum and sensorimotor
cortices.” Consistently, dysfunctional connectivity of the
cerebello-thalamo-cortical circuit has been shown to be
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Figure 7 Correlations Between Functional Connectivity and Clinical Symptoms
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(A) Cognitive: Functional connectivity between cerebellar lobule VIIB/VIII cluster and sensorimotor cortices was positively correlated with Frontal Assessment
Battery scores in patients with essential tremor. (B) Tremor: Fahn-Tolosa-Marin tremor rating scale scores were positively correlated with functional
connectivity between the VIM DBS site and the sensorimotor cortices (B.b, red) and with functional connectivity between the VIM DBS site and cerebellar
lobule VI cluster (B.c, orange). Visual inspection of the rightmost scatterplot (Figure 7B.c) indicates the presence of a possible outlier with low functional
connectivity between lobule VI and the VIM DBS site. The removal of this data point changed the correlation from r = 0.30; p = 0.042 to r = 0.26; p = 0.089.
However, this data point fell well below our objective Cook distance cutoff for data point removal (>0.5) (Cook distance = 0.19) and was therefore retained. DBS
= deep brain stimulation; VIM = ventral intermediate nucleus of the thalamus.

associated with tremor in a number of previous functional
neuroimaging studies.** Furthermore, stimulation and abla-
tion of the VIM effectively alleviates tremor by modulating
activity within this circuit, thereby causally demonstrating the
intermediary role of the thalamus within this perturbed net-
work of ET.'**

A major finding of this study was that our symptom network
mapped from structural and metabolic brain abnormalities in
ET aligned with the therapeutic network mapped from lesions
that relieved tremor in patients with ET.'” These networks
each showed converging connectivity to key sites in the VIM
and cerebellar lobule VI, indicating that these regions may be
involved in both ET symptom generation and relief.

A recent study on depression by Siddigi et al.*> showed func-
tional connectivity from lesions associated with depression
mapped to the same functional network that is modulated by
effective treatment sites of both DBS and transcranial magnetic
stimulation. Our results suggest that this principle may also be
true in ET and may further extend to functional networks
mapped from brain abnormalities using CNM.

For example, the specific site in the VIM that was localized by
both the symptomatic and therapeutic networks is also the
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precise site currently targeted with DBS, which is extremely
effective in alleviating tremor and is a clinically approved
treatment for ET.*® Furthermore, noninvasive brain stimula-
tion methods targeting other aspects of our network have also
shown some efficacy in reducing ET symptoms, such as the
motor cortex and cerebellum.*’ Particularly, a recent study
showed effective tremor reduction using phase-locked trans-
cranial alternating current stimulation over cerebellar lobule
VIIL*® which is within the hub of the network identified in this
study.

Therefore, our localization of the symptomatic network of ET
may have implications for refining therapeutic targets for ET
treatment or potentially identifying new target sites that
modulate this network. Furthermore, these findings demon-
strate that networks identified with CNM are potentially
relevant for clinical treatments, which may be applied in a
wide range of other disorders. This approach may be a par-
ticularly important advantage for idiopathic conditions where
networks cannot be derived from causal or beneficial brain
lesions.

However, this study’s results should be interpreted in light of
its limitations. First, a systematic search of the literature was
used to identify the studies/coordinates used in our analyses
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and therefore may be influenced by publication bias."* Sec-
ond, the CNM analysis leveraged a large normative con-
nectome, rather than disease-specific or age-specific data;
however, this has been investigated in previous studies and
showed minimal effect on the results.'” Finally, coordinates
evaluated in our CNM analyses relied on the original study
author’s judgment of patient inclusion and study design/analysis;
therefore, these studies consisted of heterogeneous methodol-
ogies and participants with ET. However, this should have biased
us away from these results, but instead our findings showed that
despite clinical heterogeneity, structural and metabolic abnor-
malities were still connected to a common functional network.

This study defined a brain network underlying ET, with the
central hub of this network located in distinct regions of
cerebellar lobules VI and VIIB/VIIL This network closely
aligned with the therapeutic network derived from lesions
relieving tremor,"” encompassed effective treatment sites for
brain stimulation, and was significantly abnormal in an in-
dependent cohort of patients with ET. These findings may
help to refine current targets and inform new testable targets
for therapeutic neuromodulation in ET.
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