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Abstract: The clinical benefits of targeting the ventral intermediate nucleus (VIM) for the treatment
of tremors in essential tremor (ET) patients suggest that the VIM is a key hub in the network of
tremor generation and propagation and that the VIM can be considered as a seed region to study the
tremor network. However, little is known about the central tremor network in ET patients. Twenty-
six ET patients and 26 matched healthy controls (HCs) were included in this study. After considering
structural and head-motion factors and establishing the accuracy of our seed region, a VIM seed-
based functional connectivity (FC) analysis of resting-state functional magnetic resonance imaging
(RS-fMRI) data was performed to characterize the VIM FC network in ET patients. We found that ET
patients and HCs shared a similar VIM FC network that was generally consistent with the VIM ana-
tomical connectivity network inferred from normal nonhuman primates and healthy humans. Com-
pared with HCs, ET patients displayed VIM-related FC changes, primarily within the VIM-motor
cortex (MC)-cerebellum (CBLM) circuit, which included decreased FC in the CBLM and increased FC
in the MC. Importantly, tremor severity correlated with these FC changes. These findings provide
the first evidence that the pathological tremors observed in ET patients might be based on a physio-
logically pre-existing VIM - MC - CBLM network and that disruption of FC in this physiological net-
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work is associated with ET. Further, these findings demonstrate a potential approach for elucidating
the neural network mechanisms underlying this disease. Hum Brain Mapp 37:165–178, 2016. VC 2015

Wiley Periodicals, Inc.
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INTRODUCTION

Essential tremor (ET), the most prevalent movement dis-
order in adults [Li et al., 1985; Louis and Ferreira, 2010], is
commonly considered to be caused by the activity of a cen-
tral tremor network [Brittain et al., 2015; Raethjen and
Deuschl, 2012]. However, little is known about the tremor
network and its underlying pathogenesis [Elias and Shah,
2014; Louis, 2014]. The ventral intermediate nucleus (VIM)
of the thalamus has been introduced as a target to alleviate
tremors via several treatment methods, including thalamot-
omy [Hassler and Riechert, 1954], stereotactic thalamotomy
[Zirh et al., 1999], deep-brain stimulation (DBS) [Klein et al.,
2012; Papavassiliou et al., 2008], gamma knife radiosurgery
[Kooshkabadi et al., 2013], and focused ultrasound [Elias
et al., 2013]; these treatments have achieved good therapeu-
tic responses in ET patients. These results suggest that the
VIM can be considered as a seed region to study the central
tremor network in ET.

Invasive tract-tracing studies [Asanuma et al., 1983a;
Yamamoto et al., 1983] of normal nonhuman primates
have shown that the VIM connects with the motor cortex
(MC) and the cerebellum (CBLM) and that these connec-
tions form a VIM - MC - CBLM anatomical connectivity
network. A similar VIM anatomical network has been
detected in healthy humans using a non-invasive tract-
tracing method termed diffusion tensor imaging (DTI)
[Behrens et al., 2003; Johansen-Berg et al., 2005; Kincses
et al., 2012]. Importantly, DTI studies have revealed that
anatomical network modulations primarily occur within
this circuit in ET patients after DBS [Klein et al., 2012] or
focused ultrasound therapy [Wintermark et al., 2014]. This
evidence suggests that the VIM anatomical network is
associated with tremors in ET patients. However, brain
activity data supporting this result is as yet unknown.
Studies of electroencephalography or magnetoencephalog-
raphy combined with electromyography have shown that
local field potential changes primarily occur in the VIM -
MC - CBLM circuit when normal nonhuman primates
[Yamamoto et al., 1983] and healthy humans [Pollok et al.,
2004] perform a physiological tremor task or when ET
patients have undergone DBS therapy [Connolly et al.,
2012]. Additionally, PET [Perlmutter et al., 2002] and task-
evoked fMRI [Hesselmann et al., 2006] studies have
revealed that cerebral blood flow responses and blood
oxygen level-dependent signals representing brain activa-
tion primarily occur in the same circuit when ET patients

have undergone DBS therapy. However, these methods
only measure regional brain area activity, and the network
mechanisms underlying this activity remain unclear.

Functional connectivity (FC) analysis of resting-state func-
tional magnetic resonance imaging (RS-fMRI) has been sug-
gested as a promising method to study the neural network
mechanisms underlying movement disorders, such as Par-
kinson’s disease (PD) [Helmich et al., 2011; Kahan et al.,
2014], Huntington’s disease [Werner et al., 2014] and ET
[Fang et al., 2013; Popa et al., 2013]. Using this method, an
FC network similar to the VIM anatomical network com-
posed of the VIM - MC - CBLM circuit has been described in
healthy humans in several studies [Anderson et al., 2011;
Zhang et al., 2008]. Furthermore, using FC analysis of RS-
fMRI data, Helmich et al. [2011] have reported that pallidal
dysfunction drives the VIM - MC - CBLM circuit to generate
tremors in PD, another disease with tremor symptoms.
However, to the best of our knowledge, the use of resting-
state FC (RS-FC) to study the VIM-related network in ET
patients has not been previously reported.

We hypothesized that RS-FC analysis would reveal a
similar VIM - MC - CBLM FC network in ET patients to
the FC network reported in previous studies and that
internal FC changes in this network would underlie the
pathological tremors observed in ET patients. To test this
hypothesis, we constructed VIM FC maps at the whole-
brain level for ET patients and healthy controls (HCs).
Moreover, we performed within-group, inter-group and
imaging results-behavior correlation analyses to reveal
VIM-related RS-FC network features in ET patients.

MATERIALS AND METHODS

Subjects

We recruited 35 nondementia ET patients and 29 HCs,
all of whom were right-handed. This dataset has not been
used in any of our previous studies [Fang et al., 2013;
Sheng et al., 2014]. Each subject signed an informed con-
sent form approved by the Ethics Committee of The First
Affiliated Hospital of Chongqing Medical University
(Chongqing, China), and the study was performed in
accordance with the Declaration of Helsinki of the World
Medical Association. All patients met the diagnosis of defi-
nite ET according to the Movement Disorders Consensus
Criteria [Deuschl et al., 1998], which include the presence
of bilateral, visible, persistent, and largely symmetric pos-
tural or kinetic tremors involving the hands and forearms
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for at least five years. The exclusion criteria were the fol-
lowing: PD, dystonia, psychogenic tremor, thyroid disease,
or any other neurological dysfunction. Nine ET patients
and 3 HCs were excluded from the present study because
they did not meet our quality assurance criteria (discussed
below). Hence, the final subjects for this study included 26
ET patients and 26 age-, sex-, and education-matched
HCs.

Clinical and Neuropsychological Assessments

All ET patients agreed to a videotaped examination to
establish a clinical rating by two movement disorder spe-
cialists (X Lu and O Chen) who were blinded to the neuro-
imaging results. Clinical features were recorded. Postural

tremors were assessed with the arms raised horizontally
forward and the hands pronated. Kinetic tremors were
evaluated while hand pouring, using a spoon, drinking,
drawing Archimedes spirals and lines and performing the
finger-nose-finger task. Intention tremor was estimated
using the finger-nose-finger task. Tremor severity was
assessed using the Fahn-Tolosa-Marin Tremor Rating Scale
(TRS) [Fahn et al., 1993; Louis et al., 2000], which consists
of motor and daily living assessments. The motor assess-
ment included questions 1–14 (parts A&B), which address
tremor severity and location and the drawing and writing
functions of the hands. The daily living assessment con-
sists of questions 15–21 (part C) and is based on patient
descriptions. All subjects were screened using the Mini
Mental State Examination (MMSE) [Zhang et al., 1990] to
rule out dementia (MMSE< 24) and the Hospital Anxiety
and Depression Scale (HADS) questionnaire [Snaith and
Zigmond, 1986] to rule out depression (depression sub-
scale score> 7) and anxiety (anxiety subscale score> 7).

All ET patients presented with mild to moderate kinetic
tremors in their hands and arms as the main clinical fea-
tures. To avoid medical confounders, we only used data
obtained during the initial visit and under antitremor
medication-na€ıve conditions prior to RS-fMRI examina-
tions. There were no significant differences in the MMSE
or HADS scores between the ET and HC groups. The
demographic information and the clinical and neuropsy-
chological assessment data are shown in Tables I and Sup-
porting Information Table S1.

MAGNETIC RESONANCE IMAGING

All MR images were acquired using a GE Signa Hdxt 3-
T scanner (General Electric Medical Systems, Waukesha,
WI) equipped with a standard 8-channel head coil. Foam
padding and earplugs were used to minimize head motion
and to reduce scanner noise. During RS-fMRI scanning, all
subjects were told to relax, to remain still with their eyes
closed, and to remain awake (which was immediately con-
firmed via post-scan debriefing). RS-fMRI data were
acquired using an echo-planar imaging (EPI) pulse
sequence with the following parameters: 33 axial slices,
slice thickness/gap 5 4.0/0 mm, matrix 5 64 3 64,
TR 5 2000 ms, TE 5 40 ms, flip angle 5 908, and FOV 5 240
3 240 mm. A total of 240 volumes were obtained
(duration 5 8 min). High-resolution 3D T1-weighted
images (TR 5 8.3 ms, TE 5 3.3 ms, flip angle 5 158, slice
thickness/gap 5 1.0/0 mm, FOV 5 240 3 240 mm, and
matrix 5 256 3 192) and T2-weighted FLAIR images
(TR 5 8000 ms, TE 5 126 ms, TI 5 1500 ms, slice thickness/
gap 5 5.0/1.5 mm, FOV 5 240 3 240 mm, and matrix 5 256
3 192) were also acquired. We did not use the T2-
weighted FLAIR images for data processing, but they
were used for image evaluation and data quality assess-
ment (see Quality assurance).

TABLE I. Demographic and clinical features of ET

patients and HCs

Measure ET HCs P-value

Demographic
Age 47.3 6 11.3 43.4 6 14.4 0.28
Gender (male: female) 19:7 19:7 1
Handedness (right: left) 26:0 26:0 1

Clinical
Age of onset (years) 34.3 6 13 NA
Disease duration (years) 12.9 6 7.2 NA
Positive family history 11 NA

History of alcohol to
alleviate symptoms

NA

Positive 5 NA
Negative 7 NA
NA 14 NA

Pattern appearance of tremor NA
Kinetic 26 NA
Postural 19 NA
Rest 5 NA
Intention 2 NA

Left and Right hand
tremor situation

NA

Bilateral and right 5 left 19 NA
Bilateral and right> left 3 NA
Bilateral and right< left 2 NA
Unilateral only right 2 NA
Unilateral only left 0 NA

The Fahn-Tolosa-Marin TRS NA
TRS-parts A&B 12.7 6 7.2 NA
TRS-part C 7.7 6 4.0 NA

Neuropsychological
MMSE 26.0 6 1.5 27.0 6 2.1 0.35
Hospital Anxiety and

Depression Scale (HAD)
8.30 6 5.3 7.27 6 5.1 0.54

HAD-A 4.23 6 2.5 3.61 6 2.7 0.16
HAD-D 4.07 6 2.8 3.66 6 2.4 0.27

ET: essential tremor; HCs: healthy controls; NA: not applicable;
MMSE: mini mental state examination; HAD-A: hospital anxiety
and depression scale-anxiety party; HAD-D: hospital anxiety and
depression scale-depression party.
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Image Preprocessing

Data preprocessing was conducted using DPARSFA
toolbox version 2.2 (www.restfmri.net) [Chao-Gan and Yu-
Feng, 2010] and REST toolbox version 1.8 (www.restfmri.
net) [Song et al., 2011]. As previously described [Bernard
et al., 2014; Fang et al., 2013], data processing was com-
posed of the following steps: (i) removal of the first 10
time points; (ii) slice timing correction; (iii) realignment for
head motion (also see Quality assurance); (iv) DARTELT1
segmentation and spatial normalization based on the
deformation field; (v) spatial smoothing using the Gaus-
sian kernel with 4 3 4 3 4 mm3 full-width half-magnitude
(FWHM); (vi) time series detrending and filtering (0.01–
0.08 Hz), and (vii) nuisance signal regression (see Support-
ing Information Text S1 for details). The removal of the
global mean signal (GMS) enhances the spatial specificity
of FC mapping, especially for subcortical regions [Fox
et al., 2009]. Therefore, we conducted all of the subsequent
analyses with the GMS removed. However, other studies
[Murphy et al., 2009] have shown that GMS removal indu-
ces negative connectivity and introduces additional con-
founding factors to the inter-group comparison. Thus, we
also performed data processing without GMS removal and
noted that the main results were similar (Supporting Infor-
mation Fig. S1-2 and Table S2).

Quality Assurance

The T1-weighted images and the T2-weighted FLAIR
images were visually inspected by an experienced neurora-
diologist (F Lv or T Luo). None of the subjects displayed evi-
dent abnormalities in their gross brain structure or signals.
Recently published studies [Power et al., 2012, 2013; Sat-
terthwaite et al., 2013; Van Dijk et al., 2012] have reported
that head motion induces artifacts, as well as increased
short-distance correlations, and decreased long-distance
correlations. Therefore, we performed the following five
measurements to address head motion-related concerns: (i)
ET patients who manifested head tremors as the main clini-
cal feature were not included; (ii) any subjects with gross
head movement >2.0 mm and 2.08 in the x, y, and z direc-
tions were ruled out in this study; (iii) the root mean square
(RMS) head movement was calculated by condensing six
head realignment parameters into a single summary statis-
tic, and we excluded subjects with a RMS head movement
greater than 0.5 mm; (iv) using the criteria suggested by
Power et al. [2012], the framewise displacement (FD), which
reflects instantaneous head motion, was computed, and sub-
jects with FD> 50% of the volumes (115 volumes) were
excluded from this study; and (v) two-sample t-tests were
performed to explore whether there were significant differ-
ences in the RMS head movement or FD head movement
between the two groups.

Six ET patients who presented with head tremor as their
main clinical feature were excluded from this study. Based
on visual inspection, the remaining subjects had no clearly

visible head movement. However, 1 ET patient with an RMS
head movement> 0.5 mm and 2 ET patients and 3 HCs with
an FD head movement> 50% of the volumes were excluded
from this study. The RMS and FD head movement values
were 0.12 6 0.08 and 14 6 5% for ET patients and were
0.15 6 0.07 and 9 6 6%, for HCs. No significant differences
in RMS or FD head movement were noted between the two
groups (P 5 0.26 and 0.19, respectively).

Localization of the VIM Seed Region

and RS-FC Analysis

The VIM cannot be identified on conventional MR and CT
images [Anderson et al., 2011; Kincses et al., 2012; Klein et al.,
2012], and its location is typically determined by individual
stereotactic coordinates [Hassler and Riechert, 1954; Morel
et al., 1997] or population-based stereotactic coordinates
[Kincses, et al., 2012; Klein et al., 2012; Papavassiliou et al.,
2008]. In contrast to the individual stereotactic coordinates of
the VIM, the population-based stereotactic coordinates are
derived from postoperative images and facilitate the definitive
determination of its location based on MNI or Talairach coor-
dinates; thus, the population-based stereotactic coordinates
could be directly used as the seed coordinates in our study.
To the best of our knowledge, Papavassiliou et al. [2008] have
reported the largest sample size (37 ET patients implanted
with 57 DBS electrodes who were followed up for a mean
duration of 26 months) among the relevant previous studies
[Kincses et al., 2012; Klein et al., 2012; Papavassiliou et al.,
2008]. Hence, according to the description by Papavassiliou
et al. [2008], the bilateral VIM seed region coordinates in our
study were 6.3 mm anterior to the posterior commissure,
12.3 mm lateral to the midline or 10.0 mm lateral to the third
ventricle. Considering that the VIM is a small nucleus with an
approximate size of 2 2 4 3 7 2 10 3 4 2 6 mm3 [Vassal et al.,
2012] and that the spatial resolution of our fMRI data was 3 3

3 3 3 mm3, we took several steps to ensure the precise local-
ization of our VIM seeds. First, based on visual inspection, the
locations of the anterior commissure, the posterior commis-
sure and the left and right VIM seed regions were identified
in the MNI coordinate system. Second, similar to Bernard
et al. [2014], a single voxel representing the VIM seed was
used to ensure that the seed region did not overlap with the
other ventrolateral nuclei of the thalamus. Third, to avoid spa-
tial blurring (i.e., smoothing during the preprocessing step),
which would result in the loss of spatial specificity, we used a
relatively smaller smoothing kernel with an FWHM of 4 3 4
3 4 mm3 and no spatial smoothing of the time course of the
seed region. Finally, the seed locations in all subjects were vis-
ually inspected using the RS-fMRI data in the standardized
MNI space to ensure that the seed regions were not located in
regions of EPI BOLD signal loss or heavy EPI image distor-
tion. Then, Pearson correlation analysis between the time
course of the seed region and the whole-brain voxels was per-
formed in a voxel-wise manner. Fisher’s z-transformation was
applied to improve the normality of these correlation
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coefficients, and individual VIM-related RS-FC maps were
constructed.

Evaluation of the Spatial Specificity of the VIM

Seed Region

Although the population-based stereotactic coordinates of
the VIM could be directly used as seed coordinates in our
study, individual anatomical variations were present; there-
fore, a test to assess the spatial specificity of the VIM seed
region was necessary. Previous studies [Asanuma et al.,
1983b; Morel et al., 1997] have reported that the ventrolat-
eral thalamus can be subdivided into the ventral anterior
nucleus (VA), the ventral lateral anterior nucleus (VLa), the
ventral lateral posterior nuclei (VLP, mainly composed of
the VIM; for the nomenclature of the ventrolateral thalamus
and the relationship between the VLP and the VIM, see
Supporting Information Text S2), the ventral posterior lat-
eral nucleus (VPL) and the lateral posterior nucleus (LP).
Among these nuclei, the VIM displays the strongest ana-
tomical connectivity and FC with the primary MC [Ander-
son et al., 2011; Hyam et al., 2012; Kincses et al., 2012].
Therefore, the test of the spatial specificity of the VIM seed
region was performed using the following steps: (i) accord-
ing to the atlas of the thalamus by Morel et al. [1997], we
placed other seed regions of the same size as the VIM in
the VA, the VLa, the VPL and the LP (Fig. 1A); (ii) we
extracted the time courses of these seed regions, including
that of the VIM; (iii) we performed partial correlation analy-
sis (also referred to as a partial FC) between these seed
regions and the ipsilateral primary MC (L: 242, 224, 60;
R: 1 42, 224, 60) [Kelly et al., 2009] (for details, see Text
Supporting Information S3); and (iv) we performed mixed-
effects ANOVA and two-sample t-tests to assess whether

our VIM seed region displayed the strongest FC with the
ipsilateral primary MC among these regions. A significance
threshold was set at a P< 0.05, and Bonferroni multiple
comparisons correction was performed.

Statistical Analyses

To visualize the average FC network of the left and right
VIM seeds, group-specific random-effects one-sample t-
tests were performed separately for the HCs and the ET
patients with AlphaSim multiple comparison correction
within a whole-brain mask, which was also implemented
in AFNI software (http://afni.nimh.nih.gov/afni). The
voxel-wise threshold was set at a P< 0.05, and the cluster
threshold was set at� 85 voxels (1000 Monte Carlo simula-
tions). We combined the group-level significant brain
regions into a mask, within which we further identified
the group differences using the random-effects two-sample
t-test. AlphaSim multiple comparison correction was per-
formed within this mask. To account for the lower false-
positive control effect of AlphaSim correction than that of
FDR or Bonferroni correction, the voxel-wise threshold
was set at P < 0.01, and the corrected cluster-level thresh-
olds were obtained from 1000 Monte Carlo simulations.

Imaging Results-Behavior Correlation Analysis

Based on the two-sample t-test findings, the clusters with
altered FC in the ET patients were identified as regions of
interest (ROIs). Some of the clusters may have included
multiple brain regions, and we selected a 6-mm radius
spherical region located within the peak MNI coordinates
as our ROI. The mean RS-FC value in each ROI was
extracted for all of the ET patients, and Pearson correlation

Figure 1.

Location of the seed regions in the VIM and the other four ven-

tral lateral thalamic nuclei and spatial specificity analysis. A:

According to studies conducted by Papavassiliou et al. and Morel

et al., we defined the VIM seed region (red color) and the other

four ventral lateral thalamus nuclei seed regions (blue color) in

standardized MNI space via anatomical imaging. B: Spatial speci-

ficity analysis to determine whether the VIM seed region dis-

played the strongest FC with the ipsilateral primary MC among

these nuclei. VIM: ventral intermediate nucleus; partial FC: par-

tial functional connectivity; ET: essential tremor; HCs: healthy

controls. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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coefficients were calculated between the FC values and the
clinical assessment data, including the TRS parts A&B
scores, the TRS part C scores, age at onset and disease
duration. To improve the normality of the data, the clinical
scores were converted to z scores before the correlation
analyses. Kolmogorov-Smirnov tests were conducted to
assess the normality of the z scores, and the results showed
good normality (TRS parts A&B: z 5 0.82, P 5 0.42; TRS part
C: z 5 0.67, P 5 0.53; age of onset: z 5 0.36, P 5 0.76; disease
duration: z 5 0.61, P 5 0.62). Additionally, considering the
relatively small sample size and the exploratory nature of
this research, we used an uncorrected P < 0.01 rather than
stringent multiple comparison correction methods such as
Bonferroni correction.

Voxel-Based Morphometry (VBM) Analyses

Because brain structure is an important factor that influ-
ences RS-fMRI results, we performed VBM analysis as pre-
viously described [Bagepally et al., 2011; Lin et al., 2013].
We did not detect any significant differences in either gray
matter or white matter density or volume between the ET
and HC groups; these results were consistent with those
of previous studies [Fang et al., 2013; Klein et al., 2012].
Therefore, these data were not taken into account as nui-
sance covariates in the above FC analysis.

RESULTS

VIM Seed Region FC Maps

The left VIM seed region FC maps for the ET and HC
groups are shown in Figure 2. The ET patients and the
HCs shared similar maps, and significantly positive FC
values were observed in the CBLM (the bilateral posterior
and anterior lobules, including the vermis), the MC (the
bilateral primary and supplementary MC), the bilateral
basal ganglia, the brainstem and the thalamus. The FC
maps of the right VIM seed region were similar to those of
the mirror area in the left VIM seed region and are not
described here.

Group Differences

Figure 3 shows the group differences in the left VIM FC
maps. Compared with HCs, ET patients exhibited
decreased VIM-related FC values in the CBLM, including
the bilateral posterior lobules VI, VIII, Crus I and the bilat-
eral dentate nucleus, bilateral anterior lobules IV-V, and
vermis lobules IV-V, and in the bilateral dorsal medial
nucleus of the thalamus (MD). Increased VIM-related FC
was observed in the bilateral primary and supplementary
MC. The details of the cluster sizes, T-values and peak
MNI coordinates are listed in Table II.

Figure 2.

Results of the one-sample t-test for left VIM seed region FC

maps for the ET patient (upper) and HC groups (lower). The

threshold was set at P< 0.05 with AlphaSim correction (cluster

size� 85 voxels, 1000 Monte Carlo simulations). The Ch2 image

depicts the underlying structure. VIM: ventral intermediate

nucleus; ET: essential tremor; HCs: healthy controls. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 3.

Difference in left VIM seed region FC between the ET patient and

HC groups. The results were obtained using the two-tailed two-

sample t test within a combined one-sample t-test mask (P< 0.01,

AlphaSim corrected with a cluster size of� 10 voxels, 1000 Monte

Carlo simulations). Regions displaying increased FC in the ET

patients compared with the HCs are indicated by warm colors,

whereas those displaying decreased FC in the ET patients are indi-

cated by cold colors. The Ch2 image shows the underlying struc-

ture. VIM: ventral intermediate nucleus; FC: functional

connectivity; ET: essential tremor; HCs: healthy controls. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Imaging Results-Behavior Correlation

Eight clusters displaying significant between-group
differences were detected, and 8 ROIs were defined.
Correlation analyses between the mean FC values for
each ROI and the clinical assessment data were per-
formed. Significant correlations were detected between 6
out of the 8 ROIs and the TRS parts A&B scores. How-
ever, there were no significant correlations between the
other ROIs and the other clinical assessment parameters,
including the TRS part C scores, age at onset and dis-
ease duration. Specifically, significantly negative correla-
tions were noted between the TRS parts A&B scores and
the mean FC values for the bilateral anterior cerebellar
lobules (peak MNI coordinates for right: x 5 16, y 5 247,
z 5 221, r 5 20.44; left: x 5 211, y 5 244, z 5 223,
r 5 20.53, P< 0.01, uncorrected) and the bilateral poste-
rior lobules (peak MNI coordinates for right: x 5 16,
y 5 259, z 5 239, r 5 20.51; left: x 5 214, y 5 255,
z 5 239, r 5 20.62, P< 0.01, uncorrected). A significant
positive correlation was observed between the TRS parts
A&B scores and the mean FC values for the bilateral pri-
mary MC (peak MNI coordinates for right: x 5 40,
y 5 216, z 5 56, r 5 0.49; left: x 5 234, y 5 224, z 5 62,
r 5 0.57, P< 0.01, uncorrected; scatter plots of these
relationships are shown in Fig. 4A,B).

Spatial Specificity Evaluation of the

VIM Seed Region

Figure 1B summarizes the ROI-wise partial RS-FC
results. The ANOVA results showed that the partial FC
values were significantly different between the ipsilateral
primary MC and our five seed regions located in the ven-
trolateral thalamus, including the VIM (ROI_3) and four
other ventral lateral thalamic nuclei (ROI_1, ROI_2, ROI_4,
and ROI_5; P< 0.05, corrected). Post hoc t-tests further
revealed significantly increased partial FC values between
the VIM seed region and the ipsilateral primary MC in the
ET patients (P< 0.05, corrected).

DISCUSSION

To the best of our knowledge, this study is the first to
investigate the VIM FC network of RS-fMRI at the whole-
brain level in ET patients, and we obtained four novel
findings. First, the ET patients and the HCs shared similar
VIM FC networks that were mainly composed of a VIM -
MC - CBLM circuit and that also extended to the basal
ganglia, the brainstem and other thalamic nuclei. Second,
compared with those in the HCs, the VIM-related FC
changes in the ET patients were primarily localized within

TABLE II. Differences in Left VIM seed FC between ET patients and HCs

Brain region Voxels size T-value

MNI coordinates

x y z

Cluster 1 (Peak MNI: 16 259 242, P 5 0.01, corrected) Voxels size:634
Cerebellum posterior Lobe
Right cerebellum VI 87 24.86 26 255 226
Right cerebellum Crus 1 96 23.75 32 266 229
Vermis IV V 45 22.83 21 250 217
Vermis VI 37 24.38 24 262 217
Right cerebellum VIII and detnate 134 24.25 214 255 239
Left cerebellum VIII and detnate 115 25.27 16 259 239

Cluster 2 (Peak MNI: 16 245 221, P 5 0.01, corrected) Voxels size:321
Cerebellum anterior Lobe
Right cerebellum IV–V 115 25.65 16 247 221
Left cerebellum IV–V 163 25.32 211 244 223

Cluster 3 (Peak MNI: 3 2 18 2 1, P 5 0.01, corrected) Voxels size:75
Right cerebrum
Right thalamus
Left thalamus
Right medial dorsal nucleus 13 24.78 23 216 21
Left medial dorsal nucleus 26 24.25 2 213 3

Cluster 4 (Peak MNI: 234 2 26 60, P 5 0.01, corrected) Voxels size:581
Right Precentral 109 6.15 40 216 56
Left Precentral 132 5.24 234 224 62
Right supplementary motor cortices 127 5.34 10 8 49
Left supplementary motor cortices 145 4.26 25 3 54

VIM: ventral intermediate nucleus; FC: functional connectivity; ET: essential tremor; HCs: healthy controls; MNI: Montreal neurological
institute.
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Figure 4.

Imaging results-behavior correlation analysis. The left panel

shows the location of the ROIs, as determined by the two-

sample t-test. The clusters displaying altered FC in essential

tremor (ET) patients were identified as the ROIs. The middle

panel shows the average FC values in each ROI for the ET

patient and HC groups. The right panel shows the scatter plots

of the mean FC value for each ET patient against the corre-

sponding z score of the TRS parts A&B scores (P< 0.01, uncor-

rected). TRS parts A&B scores: the combined Fahn-Tolosa-Marin

TRS parts A and B scores, zFC: Fisher’s z-transformation of FC.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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the VIM - MC - CBLM circuit, included decreased FC in
the CBLM and increased FC in the MC. Third, FC changes
in this circuit correlated with tremor severity. Fourth,
VIM-related FC changes in the MD, which is not a compo-
nent of this circuit, were detected. The following discus-
sion is focused on the main findings with regard to the
tremor network in ET patients.

The VIM - MC - CBLM Circuit Is Not an

Intrinsically Pathological Tremor Network in ET

Patients

The principal features of the VIM FC maps constructed
for the ET patients (Fig. 2) showed that the FC network
was primarily composed of a VIM - MC - CBLM circuit.
Considering the previously reported clinical benefits of
VIM targeting for the treatment of tremors and the associ-
ation of disrupted VIM-related FC in the CBLM and the
MC with tremor severity in our study (Fig. 4), this circuit
may represent an intrinsically pathological tremor network
in ET patients. However, prior studies have shown that
this circuit is an anatomical connectivity network in nor-
mal nonhuman primates [Asanuma et al., 1983a; Yama-
moto et al., 1983] and healthy humans [Behrens et al.,
2003; Johansen-Berg et al., 2005; Kincses et al., 2012]. Sec-
ond, brain activity modulations are observed in this circuit
during a physiological tremor task in normal non-human

primates [Yamamoto et al., 1983] and healthy humans
[Pollok et al., 2004]. Again, The VIM - MC - CBLM circuit
participates in tremor generation and propagation in
patients with PD [Helmich et al., 2011], another disease
with tremor symptoms. Additionally, the HCs in our
study exhibited a similar FC network to that of the ET
patients. All of these findings suggest that this circuit is
not an intrinsically pathological tremor network in ET
patients, but rather that the pathological tremors observed
in ET are attributed to a physiologically pre-existing VIM -
MC - CBLM network.

Disruption of FC In the VIM - MC - CBLM

Circuit Is Associated with Tremors in ET

The between-group comparisons (Fig. 3) showed that
the VIM-related FC changes in the ET patients were pri-
marily localized within the VIM - MC - CBLM circuit.
These FC changes, which included decreased FC in the
CBLM and increased FC in the MC, were correlated with
tremor severity (Fig. 4A,B). It remains under debate
whether the CBLM is involved in tremor generation and
propagation in ET patients, and the most controversial
findings have been reported by histopathological studies
[Hallett, 2014; Jellinger, 2014]. Very few studies [Jellinger,
2014; Louis, 2014] have shown that loss of Purkinje cells
and changes in Purkinje cell morphology, including in the

Figure 4.

(Continued).
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axonal and dendritic compartments, such as axonal swel-
ling (torpedoes), thickened axonal profiles, increased
recurrent axonal collaterals, axonal sprouting, and dendri-
tic swelling, are tissue-specific pathological characteristics
of ET. However, other studies [Rajput et al., 2011, 2012]
have not found loss of Purkinje cells in ET patients. Due
to the very low autopsy rate of ET patients, noninvasive
methods are the primary tools used to explore the patho-
physiological mechanisms underlying ET. Neuroimaging
studies have noted that gray matter atrophy [Bagepally
et al., 2011], white matter microstructural deficits [Klein
et al., 2011], abnormal cerebral blood flow [Perlmutter
et al., 2002] and hyperactivity [Bucher et al., 1997] of the
CBLM are associated with tremors in ET. Additionally, a
wide range of clinical observations [Louis, 2014; Stolze
et al., 2001] have demonstrated that various additional
motor deficits in ET patients, such as ataxia, balance and
gait disorders, impaired hand-reaching function and inten-
tion tremor, are linked to cerebellar dysfunction. Taken
together, all of these findings support the notion that the
CBLM plays a key role in tremor generation and propaga-
tion in ET patients.

Additionally, the between-group comparisons revealed
that the VIM-related FC changes in ET patients involved
the MC. Electrophysiology studies [Raethjen and Deuschl,
2012; Shibasaki, 2012] have shown that the MC generates
voluntary physiological movements and involuntary path-
ological movements, including tremors in ET patients.
Moro et al. [2011] have reported that DBS of the subdural
MC alleviates tremors in ET patients. However, histopath-
ological [Louis, 2014], and microstructural [Klein et al.,
2011] studies and experiments using animal models [Elble,
1998] have not revealed any abnormalities in the MC of
ET patients or models. Therefore, the findings of our study
support the notion that the MC is an important node of
the VIM - MC - CBLM network and that tremors in ET
patients may be driven by disruption of FC in this
network.

VIM-Related FC Changes in MD May Be

Associated with non-Motor Symptoms in ET

Patients

The VIM-related FC network identified in our study was
not confined to the VIM - MC - CBLM circuit; rather, it
extended into other brain regions, such as the basal gan-
glia, the brainstem, and other thalamic nuclei. In particu-
lar, the MD displayed differences in VIM-related FC
between the ET patients and the HCs. Interpretation of
these findings is challenging because the VIM-related FC
network is not completely consistent with the VIM-related
anatomical network and because the MD is not associated
with any motor function or with tremors. A functional net-
work is ultimately determined by its structural network.
However, functional networks are more complex than
structural networks [Biswal, 2012; Zhang et al., 2010]. This

phenomenon may plausibly explain why the VIM FC net-
work was not completely confined to the VIM - MC -
CBLM anatomical circuit. The MD is widely regarded as
an important structure of the thalamus that mediates cog-
nitive function [Schmahmann and Pandya, 2008]. Previous
studies [Fields et al., 2003; Lucas et al., 2000] have reported
that DBS of the VIM not only alleviates tremor symptoms
but also influences cognitive function in ET patients.
Cytoarchitectural and electrophysiological studies [Her-
nandez et al., 2015] have shown that reticular cells provide
the structural and functional basis for interconnections
among these nuclei in the thalamus. Therefore, we suggest
that VIM-related FC changes in the MD may provide fur-
ther evidence for understanding the mechanisms by which
DBS of the VIM influences cognitive function in ET.

Limitations Future Directions

Although the VIM-related FC networks identified in the
ET patients and the HCs are highly consistent with the
individual anatomical connectivity networks revealed by
invasive tract-tracing and noninvasive DTI studies of nor-
mal non-human primates [Asanuma et al., 1983a; Yama-
moto et al., 1983] and healthy humans [Behrens et al.,
2003; Johansen-Berg et al., 2005; Kincses et al., 2012], we
must use caution when interpreting these findings, espe-
cially when applying them at an individual level. Addi-
tionally, to reveal the characteristic profiles of ET, a
homogenous entity is necessary because growing evidence
has suggested that ET is not a single disease but rather is
a family of diseases or a syndrome [Louis et al., 2014]. In
our study, all ET patients presented with kinetic tremors
in their hands and arms as their main clinical features,
and without a tremor onset after age 65 years. Thus, in
these patients, ET appeared to be a homogenous entity.
However, stringent tremor severity thresholds were not
adopted, which would have made our ET patient cohort
more representative [Louis, 2015; Louis et al., 2014]. In the
future, the adoption of stringent tremor severity thresh-
olds, such as hand-drawn spiral rating� 1.5 [Louis, 2015]
or kinetic tremor rating� 2 during three or more hands
functional tests [Louis et al., 2014], may produce more rep-
resentative and reproducible results.

CONCLUSIONS

The results of FC analysis of RS-fMRI data in combina-
tion with previous findings provide evidence that ET
patients and HCs share the same VIM-related RS-FC net-
work and that this network is highly consistent with the
anatomical connectivity network. Further, our findings
suggest that the pathological tremors observed in ET
patients might be associated with a physiologically pre-
existing VIM - MC - CBLM network and that disruption of
FC in this physiological network is associated with ET.
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