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A widespread visually-sensitive functional
network relates to symptoms in essential

tremor

Derek B. Archer,’ Stephen A. Coombes,' Winston T. Chu,'"? Jae Woo Chung,I
Roxana G. Burciu,' Michael S. Okun,® Aparna Wagle Shukla® and David E. Vaillancourt'?*?

Essential tremor is a neurological syndrome of heterogeneous pathology and aetiology that is characterized by tremor primarily in
the upper extremities. This tremor is commonly hypothesized to be driven by a single or multiple neural oscillator(s) within the
cerebello-thalamo-cortical pathway. Several studies have found an association of blood-oxygen level-dependent (BOLD) signal in
the cerebello-thalamo-cortical pathway with essential tremor, but there is behavioural evidence that also points to the possibility
that the severity of tremor could be influenced by visual feedback. Here, we directly manipulated visual feedback during a
functional MRI grip force task in patients with essential tremor and control participants, and hypothesized that an increase in
visual feedback would exacerbate tremor in the 4-12 Hz range in essential tremor patients. Further, we hypothesized that this
exacerbation of tremor would be associated with dysfunctional changes in BOLD signal and entropy within, and beyond, the
cerebello-thalamo-cortical pathway. We found that increases in visual feedback increased tremor in the 4-12 Hz range in essential
tremor patients, and this increase in tremor was associated with abnormal changes in BOLD amplitude and entropy in regions
within the cerebello-thalamo-motor cortical pathway, and extended to visual and parietal areas. To determine if the tremor severity
was associated with single or multiple brain region(s), we conducted a birectional stepwise multiple regression analysis, and found
that a widespread functional network extending beyond the cerebello-thalamo-motor cortical pathway was associated with changes
in tremor severity measured during the imaging protocol. Further, this same network was associated with clinical tremor severity
measured with the Fahn, Tolosa, Marin Tremor Rating Scale, suggesting this network is clinically relevant. Since increased visual
feedback also reduced force error, this network was evaluated in relation to force error but the model was not significant,
indicating it is associated with force tremor but not force error. This study therefore provides new evidence that a widespread
functional network is associated with the severity of tremor in patients with essential tremor measured simultaneously at the hand
during functional imaging, and is also associated with the clinical severity of tremor. These findings support the idea that the
severity of tremor is exacerbated by increased visual feedback, suggesting that designers of new computing technologies should
consider using lower visual feedback levels to reduce tremor in essential tremor.
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Introduction

Essential tremor is a neurological syndrome of heteroge-
neous pathology and aetiology that is characterized by a
progressive tremor primarily in the upper extremities.
Although essential tremor can affect the head, voice, legs
and trunk in 10-40% of cases, the upper limbs and hands
are affected in at least 95% of cases (Elble, 2000; Whaley
et al., 2007). The tremor is commonly hypothesized to be
driven by a single or multiple neural oscillator(s) within
the cerebellum, thalamus, and motor cortex (Buijink et al.,
2015; Fang et al., 2016). Both behavioural and neuroima-
ging experiments, however, support the hypothesis that
tremor may be affected by abnormal neural processing
in areas outside of these specific regions (Feys et al.,
2003; Keogh et al., 2004; Neely et al., 2015). A prior
behavioural experiment demonstrated that patients with
essential tremor had more tremor with eyes opened com-
pared to eyes closed, which indicates that tremor could be
driven by visual information and therefore visual areas of
the brain (Gironell et al., 2012). This evidence has been
reinforced with a functional MRI study, which showed
that hyperactive blood oxygen level-dependent (BOLD)
signal in the primary visual cortex positively correlates
with tremor severity (Neely et al., 2015). Although this
set of findings motivates the hypothesis that alterations
in visual feedback could change the tremor severity, it re-
mains unclear which brain circuits may be amplifying
tremor.

It is important to understand how visual feedback influ-
ences tremor for two reasons. First, in the work setting, it is
established that 15-25% of patients with essential tremor
retire prematurely, and ~60% choose not to seek promo-
tion because of increased tremor (Shalaby et al., 2016). A
study evaluating ~100 million worldwide job postings also
found that 80% of jobs require computer skills, and there-
fore potential employees would be required to interact with
computers and visual displays (Peng, 2017). Thus, it is cru-
cial to better understand how and to what extent patients
with essential tremor are influenced by visual display set-
tings. Second, as people continue to use hand-held devices
for mobile computing, tablets and laptops for work-place
efficiency, and other novel devices, it is fundamental to
better understand how the brain processes visual feedback
differently in essential tremor. By understanding whether
visual feedback modifies tremor, this allows for the study
of the brain circuits that function abnormally in essential
tremor.

This study used a functional MRI grip force task to test
the hypothesis that an increase in visual feedback exacer-
bates tremor in essential tremor. A grip force task was used
as it allows for the evaluation of the BOLD signal with a
tightly controlled task without creating image artefacts as a
result of large motions of the limbs (Diedrichsen and
Shadmehr, 2005). Moreover, this same task has already
been found to be a robust measure of tremor
(Vaillancourt et al., 2003). If tremor is increased acutely
by increasing visual feedback, this affords an opportunity
to establish a link between changes in brain function that
directly relate to changes in tremor. In prior work, amp-
lifying visual feedback in healthy adults resulted in
increased BOLD signal within the inferior parietal lobule,
primary motor cortex, dorsal premotor cortex, ventral pre-
motor cortex, supplementary motor area, and extrastriate
visual areas (Coombes et al., 2010). If increases in visual
feedback exacerbate tremor in essential tremor, we antici-
pate that this will be related to an altered BOLD response
in the cerebellum, thalamus, and motor cortex, as well as in
parietal and visual areas. Further, we examine how the
change in BOLD signal relates to the change in tremor
with increases in visual feedback using a birectional step-
wise multiple regression analysis. If one region is the central
driver of tremor, we would expect only changes in BOLD
signal within this region to relate to the changes in the
severity of tremor with increases in visual feedback; in con-
trast, if essential tremor is driven by multiple oscillators,
multiple regions will be included in the multiple regression
analysis. Finally, we examine if the model found to be
associated with changes in the severity of tremor during
this motor control task is generalizable to clinical tremor
severity, and thus clinically relevant, by examining this net-
work with the Fahn, Tolosa, Marin Tremor Rating Scale

(FTM-TRS).

Materials and methods

The study included 37 participants: 19 with essential tremor
and 18 control subjects. All essential tremor patients were
diagnosed by a movement disorder neurologist using estab-
lished criteria (Deuschl et al., 1998) and tested after overnight
withdrawal from anti-tremor medication. All patients were
right-handed with bilateral tremor. Control subjects were
right handed without clinical tremor. Tremor severity was
assessed using the FTM-TRS (Table 1). Cognitive function
of all participants was measured using the Montreal
Cognitive Assessment (MoCA) (Table 1). Maximum voluntary
contraction (MVC), sex, age, and disorder duration can be
found in Table 1. All procedures were approved by the local



474 | BRAIN 2018: 141; 472-485

Table | Subject characteristics

Measure Group

Essential tremor Control
Sample size 19 18
Sex (7 M/12 F) (8 M/10 F)
MVC 50.86 (15.12) 56.83 (14.74)
Age (years) 65.74 (11.56) 63.66 (7.58)
MoCA 27.37 (2.63) 27.77 (1.40)
FTM-TRS 39.21 (20.33)* 0.55 (0.92)
Disorder duration 23.65 (19.87) -

*P < 0.05. Data represent mean (standard deviation) or count.

Institutional Review Board and conducted according to the
Declaration of Helsinki. Participant’s provided written consent
before testing.

Force data acquisition and force task

A fibre-optic force transducer was used and had a resolution of
0.025N (Neuroimaging Solutions LLC). The force data pro-
duced by the patient were transmitted with a fibre-optic cable
to a SM130 Optical Sensing Interrogator (Micron Optics),
which digitized the force at 125 Hz. Custom LabVIEW soft-
ware (National Instruments) converted the digitized force to
Newtons.

Participants were trained on the task and the MVC was
measured before scanning. Participants then completed a train-
ing session where they were instructed to maintain a contrac-
tion of maximum force for 3s. The maximum force was
averaged over three trials and used as the MVC for the ex-
periment. During the task, participants produced 15% of their
MVC by gripping the force transducer between their thumb
and index finger (Fig. 1A). Participants performed two tasks
(low and high visual feedback) (Fig. 1B).

Each task had two conditions: rest and force. Participant’s
viewed a visual display which projected the task, which con-
sisted of two bars—one white and one red/green (Fig. 1C).
The white target bar was set at 15% of each participant’s
MVC. The coloured bar was used to cue the participant
to rest or produce force. During rest, participants were
instructed to passively view the visual display. During
force, the participants produced force and the green bar
fluctuated around the target bar in real-time to reflect the
amount of force production. Each condition lasted 30s.
Each task began and ended with a rest condition, and
lasted 270s.

Visual feedback manipulation

We manipulated visual feedback between tasks by changing
the visual gain on the visual display, as this variable has
been shown to effectively alter behaviour and ensures a stan-
dardized wunit of measurement for easier replication
(Vaillancourt et al., 2006). We first calculated the difference
between the amount of force produced by the subject and the
target force (15% MVC). This difference was then multiplied
by a visual gain factor for the low and high visual feedback
conditions, which changed the spatial amplitude of visual
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feedback by using the following formula:
Cursor Position = (F, — F;) x G + F, (1)

in which Fp is the force produced by the subject, F, is the
target force, and G is the gain level used to manipulate the
spatial amplitude of visual feedback.

The visual gain level (G) can be altered by modifying two dif-
ferent variables: (i) distance from the visual display; or
(ii) changing the height of the force fluctuations provided to the
participant on the visual display. We manipulated visual feedback
by multiplying the error on the screen by a low value (low visual
gain) or high value (high visual gain). We chose visual gain levels
below (0.039°) and above (6.9°) 0.5° since this level has shown to
be a breakpoint in visuomotor system activity (Coombes et al.,
2010). Figure 1D-K illustrates the visual gain manipulation. At
the low visual gain level (Fig. 1D), a 1 N difference between the
target bar and the force bar is represented by a small displace-
ment on the screen such that the green bar and white bar are
close to each other (Fig. 1E). By attenuating the visual error, there
are very small fluctuations in the visual feedback viewed by the
subject, and there is reduced spatial amplitude visual feedback on
the screen, leading to greater force variability and error (control
example: Fig. 1F; essential tremor example: Fig. 1G). At the high
gain level (Fig. 1H), the visual angle is increased, the error is
magnified, and a difference of 1N of force between the green
bar and white bar is represented by a larger spatial amplitude
(Fig. 1I). There is increased spatial amplitude visual feedback,
which corresponds with a decrease in force variability and error
(control example: Fig. 1]; essential tremor example: Fig. 1K).

Force data analysis

Four force data measures at each visual feedback condition were
calculated using MATLAB: mean force (%MVC), unfiltered force
error (RMSE), RMSE low-pass filtered into the 0-3 Hz range, and
sum of power of force between 4-12Hz. We chose to evaluate
force tremor between the 4-12 Hz range since this range is where
a majority of the tremor is contained (Elble, 1986; Elble et al.,
1994; Deuschl and Elble, 2000; Neely et al., 2015). The middle
25 s period of each trial was analysed to ensure that subjects had
reached a constant level of force. The low and high visual feed-
back measures (mean force, RMSE unfiltered, RMSE 0-3 Hz, sum
of power in 4-12Hz) were subtracted to obtain a high-low dif-
ference measure (mean Forceyyp, Force Unfiltered Erroryyy, Force
0-3Hz Erroryyy, and Force Tremorygyy ). Each measure was tested
for homogeneity by conducting a Levene’s test, and was followed
by either an independent samples #-test or a Mann-Whitney U-test
(significance at P < 0.05).

Functional MRI and T, data
acquisition

MRI was collected using a 32-channel SENSE head coil inside
a 3T magnetic resonance scanner (Achieva). Ti-weighted
images (resolution: 1 mm isotropic, repetition time = 8.2 ms,
echo time = 3.7 ms, flip angle = 8°, field of view =240 mm?)
were acquired in 170 axial slices and functional data were
acquired in 55 axial slices using a single-shot gradient echo-
planar imaging pulse sequence (resolution: 3 mm isotropic,
repetition time = 3000 ms, echo time = 30 ms, flip angle = 90°,
field of view = 240 mm?®). Each functional scan lasted 270s.
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Figure | Experimental set-up. The force transducer was held between the thumb and the index finger by the participant during the MRI
session (A), and the participant laid in the supine position in which the hand and transducer rested on the upper leg (B). Above the field of view of

the participant was a mirror, which reflected the visual display. The visual display instructed the participant when to produce force. Initially, the
participant rested for 30s in the ‘Rest’ condition (C). At the end of the Rest condition, the colour of the bar would change, indicating the
beginning of the ‘Force’ condition. The participant then began producing force for 30's, thus fluctuating around the white target bar. At the end of

the 30, the colour of the bar would change again, indicating the beginning of the ‘Rest’ condition. An example showing the visual gain

manipulation (D and H), how it is perceived by the subject on the visual display (E and I), and example force traces for a control subject (F and J)
and an essential tremor (ET) subject (G and K) is also shown for the low and high visual feedback conditions.

Subjects wore ear plugs to reduce scan noise and small cush-
ions were placed around the head to reduce head motion.

Functional MRI imaging data analysis

Functional imaging data were analysed with AFNI software
(Analysis of Functional Neurolmages; National Institutes of
Health, Bethesda, MD), SPMS8 software, SUIT toolbox of
SPMS8 (Diedrichsen et al., 2009), and custom UNIX shell
scripts.  Whole-brain statistical maps were computed with
AFNI; cerebellum-specific fine-tuning of the statistical maps
was performed with SPM8 and SUIT. The SUIT toolbox of
SPMS is specifically designed to precisely align the cerebellum
of subjects to a cerebellum template.

Whole-brain functional MRI
preprocessing

The first three volumes of each functional scan were excluded
to allow for equilibration of the T; image; remaining volumes

were slice acquisition-dependent slice-time corrected. The ana-
tomical image was then skull-stripped. The functional volumes
were registered to a base volume via rigid body rotations and
aligned with the anatomical image in a single transformation.
For the whole-brain analysis, the functional volumes were
warped into MNI space and smoothed with an 8 mm full-
width at half-maximum Gaussian kernel to increase the
signal-to-noise ratio. For the cerebellum analysis, warping to
MNI space and smoothing occurred later. The BOLD signal in
each voxel at each time point was then scaled by the mean of
its respective time series to normalize the data.

The BOLD signals during the force and rest periods were
modelled separately by boxcar regressors convolved with the
haemodynamic response function for each task. The head
motion parameters calculated during the registration step
were included in the general linear model as regressors.
Head motion between adjacent volumes that was greater
than 0.5 mm resulted in the exclusion of both volumes from
the regression analysis. Across both groups, over 94.43% of
the volumes remained after excluding for head motion for
both tasks. Whole-brain BOLD amplitude maps were
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obtained for each experimental condition from the general
linear model.

Cerebellar functional MRI
preprocessing

Skull-stripped anatomical images were aligned to the SPMS8
white-matter template. The transformation matrix used for
this alignment was applied to the BOLD amplitude maps ob-
tained from AFNI, thus keeping the BOLD amplitude maps
consistent with the anatomical image. The cerebellum was iso-
lated from the whole-brain anatomical image using SUIT. The
isolated anatomical image of the cerebellum was then normal-
ized to the SUIT template. The transformation matrix used for
this normalization was applied to the isolated cerebellar BOLD
amplitude maps. The BOLD amplitude maps were smoothed
with a 4 mm full-width at half-maximum Gaussian kernel and
were taken to the group level for further analysis, which was
conducted using the same pipeline as the cortical data.

Functional MRI approximate entropy

To examine the time-dependent structure of the BOLD signal,
approximate entropy (ApEn) was calculated on the functional
MRI signal (Pincus, 1991). ApEn returns a value between 0
and 2 and it reflects the predictability of future values in a time
series based on previous values. For example, a sine wave has
accurate short- and long-term predictability and this corres-
ponds to an ApEn value near 0. If varying amplitudes of
white Gaussian noise are added to a sine wave, then the
ApEn value would increase. This increases the uncertainty of
making future time series predictions when random elements
are added. For a completely random signal (i.e. white Gaussian
noise), each future value in the time series is independent and
not predictable from previous values, and the ApEn value
tends to be towards 2. The same algorithm has been used
previously on force data (Vaillancourt and Newell, 2000)
and the BOLD signal in previous work (Yang et al., 2013).
This analysis was conducted separately for the whole-brain
maps and cerebellar maps (m =2; r=0.45 x standard devi-
ation of the signal). From this point forward, BOLD ApEn
will be referred to as BOLD entropy.

Group level functional MRI analysis

The low visual feedback BOLD amplitude maps were sub-
tracted from the high visual feedback BOLD signal ampli-
tude maps to obtain the difference in BOLD amplitude
between visual feedback levels for each individual (BOLD
Amplitudery1). A between-group #-test was conducted to de-
termine differences in BOLD Amplitude; between groups.
Separate #-tests were conducted for the whole-brain and
SUIT derived maps. Age and low visual feedback BOLD amp-
litude were included as covariates. The BOLD entropy maps
were then subtracted between visual feedback levels (BOLD
Entropyy.r), and a between-group #-test was conducted to in-
vestigate differences between groups in BOLD Entropyyp.
Similar to the BOLD Amplitudey t-test, age and low visual
feedback BOLD entropy were included as covariates.
Familywise error rate (FWER) in the group-level statistical
analyses were performed in AFNI using the auto-correlation
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function (ACF) approach incorporated in the 3dClustSim func-
tion in AFNI, for both BOLD Amplitudey; and BOLD
Entropyp.r. volumes. Results were corrected for multiple com-
parisons and considered significant at a corrected level of
P <0.05 based on the cluster size of 324 mm?® for the
cortex (ACF values: 0.71, 4.07, 11.65) and 72 mm? for the
cerebellum (ACF values: 0.67, 4.61, 7.42). The difference in
cluster size for cortex and cerebellum was due to the different
smoothing factors used (8 mm versus 4 mm) in the analysis and
the activation mask used in the 3dClustSim simulation. The
activation mask was based upon the difference between visual
feedback conditions thresholded at P < 0.005 for the controls.

Diffusion MRI data acquisition and
preprocessing

Diffusion MRI images (repetition time: 7748 ms, echo time:
86 ms, flip angle: 90°, field of view: 224 x 224 mm, resolution:
2mm isotropic, 64 directions, b-values: 0, 1000s/mm?, 75
axial slices) were collected from each participant. FSL (fsl.fmri-
b.ox.ac.uk) was used for all diffusion MRI data analyses
(Smith et al., 2004; Woolrich et al., 2009; Jenkinson et al.,
2012). The diffusion data were first corrected for eddy cur-
rents, then for head motion using an affine registration, then
the brain was extracted (Smith et al., 2004). This was then
used as input in two different procedures: (i) DTIFIT to calcu-
late fractional anisotropy maps; and (ii) custom written
MATLAB (R2013a, The Mathworks, Natick, MA, USA)
code (Pasternak et al., 2009) to calculate free water and
free-water-corrected fractional anisotropy maps (FAt), which
was consistent with prior work (Pasternak ez al., 2009; Ofori
et al., 2015). To obtain a standardized space representation of
the free water and FA1 maps, the original fractional anisot-
ropy map was registered to the FMRIB FA template in stand-
ard space (1 mm isotropic) by a non-linear warp using the
Advanced Normalization Tools (ANTs) package (Avants
et al., 2008).

Human connectome project
probabilistic tractography

Tractography analyses were conducted to map the cerebello-
thalamo-motor cortical pathway and several portions of the
dorsal processing stream [extrastriate cortex (V3/V5) to super-
ior parietal lobule (SPL), V3/V5 to inferior parietal lobule
(IPL), SPL to primary motor cortex (M1), and IPL to M1].
We obtained diffusion weighted imaging of 100 healthy indi-
viduals from the human connectome project (HCP) database
(Feinberg et al., 2010; Moeller et al., 2010; Setsompop et al.,
2012; Sotiropoulos et al., 2013; Van Essen et al., 2013).
Diffusion images (resolution: 1.25mm isotropic; slices: 111;
field of view: 210 x 180; flip angle: 78°; b-values: 1000,
2000, and 3000s/mm?) were collected via a customized
Siemens 3T scanner. The HCP data were preprocessed,
which included eddy current distortion correction and head
motion correction (Andersson and Sotiropoulos, 2016).
Probabilistic tractography was conducted using the prob-
trackx2 program in FSL using default settings (Behrens
et al., 2003; Jbabdi er al., 2007). For each tract, all 100 indi-
viduals were overlapped to create a group conjunction and
was thresholded at 20 subjects to create the tract template



Visually-sensitive network associated with essential tremor

(Archer et al., 2017). These templates were then used to create
slice-level FAT and free water profiles.

Slice-level FA+ and free water profiles

Region-specific differences of FAt and free water in each tract
template were calculated using a slice-by-slice approach, which
determined mean FAt and free water in each slice of the tract
along its primary axis of travel for each individual. We com-
puted the average FAT and free water at each slice. The aver-
age FAT and free water was then separately compared between
essential tremor patients and controls for each tract by con-
ducting FDR corrected independent samples #-tests. In total,
five tracts were analysed for both groups in the left and
right hemispheres.

Voxel-based morphometry analysis

Data processing was performed using VBMS8 toolbox (http:/
www.neuro.uni-jena.de/vbm/) in SPMS8. Briefly, T;-weighted
images were bias corrected, tissue classified into grey matter
and white matter that were normalized to a standard template
using DARTEL (MNI for the cortex, SUIT for the cerebellum),
modulated non-linearly, smoothed with a Gaussian kernel
(8 mm for the cortex, 4mm for the cerebellum) and input in
a statistical model that evaluated differences in grey matter and
white matter density between control subjects and essential
tremor patients at P < 0.05 (FWER corrected).

Associating tremor in essential
tremor with brain structure and
function using multiple regression

Significant between-group functional and structural measures
were used as independent variables in multiple regression ana-
lyses to determine which measures were best associated with
Force Tremoryy.p in essential tremor patients (sex and age were
included as covariates). A bidirectional stepwise regression
analysis was used to find the model that best described the
variance in Force Tremory ;. The model that resulted in the
lowest Akaike information criterion (AIC) was selected as the
best fit model (Bozdogan, 2000). Statistical analyses were per-
formed using the R statistical analysis package (Version 3.0.2,
www.r-project.org). Multicollinearity in the resulting models
was quantified using the variance inflation factor (VIF)—vari-
ables with VIF > 10 were removed. This model was then used
to find the association with the FTM-TRS, Force Unfiltered
Erroryyy, and Force 0-3Hz Errorgyy.

Results

Mean force (%MVC), RMSE unfiltered (N), RMSE 0-3 Hz
(N), and sum of power in the 4-12Hz band (N?) for the
low and high visual feedback conditions are shown in
Supplementary Table 1. Mean low and high dependent
measures were subtracted to obtain a high-low difference
measure for each individual (Force Amplitudery,
Unfiltered Errory.p, 0-3 Hz Errorg;, and Tremory.y); dif-
ference measures are shown in Supplementary Table 1 and
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Fig. 2. For mean Forceyyp (Fig. 2A), the control group had
a significantly positive score, indicating there was an in-
crease in mean force from the low to high visual feedback
condition. The essential tremor group did not have a sig-
nificant change in mean force between visual feedback con-
ditions. There was no significant between-group effect
[#(35) = 0.987; P =0.33]. Both groups had a significantly
negative (Fig. 2B) Force Unfiltered Errorgp and Force
0-3Hz Erroryy (Fig. 2C), indicating there was a reduction
in force error from the low to high visual feedback condi-
tion. There was no significant between-group effect
for Force 0-3Hz Erroryr [t(35)=1.379; P=0.177] or
Force Unfiltered Erroryp [#(35)=1.622; P =0.114]. For
Force Tremoryy (Fig. 2D), the control group did not
have a significant change score; in contrast, the essential
tremor group had a significantly positive Force Tremoryyy,
indicating there was an exacerbation in force tremor in the
4-12Hz range from the low to high visual feedback condi-
tion. Furthermore, a between-group Mann-Whitney U-test
found that patients with essential tremor had a significantly
(U=102.5; P < 0.05) higher Force Tremory compared to
controls.

Between-group differences in BOLD
AmpIitudeH_L

Figure 3A and B shows the significant BOLD Amplitudeyy.
for controls and essential tremor patients, respectively.
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mean BOLD Amplitudeyy; (£SEM) for controls (blue) and
essential tremor patients (orange) for left M1/S1, SPL, and
cerebellar lobule VI.

Between-group differences in BOLD
Entropyn.L

Figure 4A and B shows the significant BOLD Entropyyyy
for controls and essential tremor patients, respectively.
Identical to the BOLD Amplitudef; analysis, a between-
group t-test was conducted for BOLD Entropyy. The
centre of mass, peak t-statistic, volume, mean low and
high BOLD entropy, and the BOLD Entropyy. for each
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BOLD Entropy, |
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Figure 4 Between-group BOLD Entropyy., differences.
The significant BOLD Entropy,y_| for controls (A), essential tremor
(ET) patients (B), and the between-group difference (Pryver < 0.005)
(C) is shown. The boxed regions in C are plotted in D and E, in
which the mean BOLD Entropyy., for controls (blue) and essential
tremor patients (orange) is shown. Errors bars represent 4= SEM.
SMA = supplementary motor area.
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cluster are shown in Table 2. Regions that demonstrated
group differences include the right (i.e. ipsilateral) primary
visual cortex (V1), extrastriate visual areas (V3/VS5), and
left (i.e. contralateral) supplementary motor area (SMA).
All regions showed that essential tremor patients had a
positive BOLD Entropyy.p while the controls had a nega-
tive BOLD Entropyy.. Figure 4C highlights the significant
differences in left SMA (z=71) and right V3/V5 (z = 395).
Figure 4D and E shows the mean BOLD Entropyy.p
(£SEM) for controls (blue) and essential tremor patients
(orange) for left SMA and right V3/VS5.

Between-group differences in FAT,
free water and grey/white matter
volume

The cerebello-thalamo-motor cortical pathway created with
probabilistic tractography is shown in Fig. 5A. The FAt
slice-by-slice profile for the left and right hemispheres is
shown in Fig. 5B and C, in which a black line represents
the group average FAtr (y-axis of plot) at each z-slice
(x-axis of plot). Blue shading represents the +SEM for
the control group and orange shading represents the
+SEM for the essential tremor group. The cerebello-tha-
lamo-motor cortical pathway begins at z=—27 in the su-
perior cerebellar peduncle and terminates in the motor
cortex at z = 63. The FAt along each slice varied, but no
significant differences between groups were found. The free
water slice-by-slice profile for the left and right hemispheres
is shown in Fig. 5D and E. No significant differences be-
tween groups were found. The same analysis was con-
ducted for several portions of the dorsal processing
stream (V3/VS to IPL, V3/VS to SPL, SPL to M1, IPL to
MT1), and there were no significant differences between
groups for FAt or free water. The VBM analysis also re-
vealed no differences between essential tremor patients and
controls in cortical or cerebellar grey/white matter density.

Associating tremor in essential
tremor with brain structure and
function using multiple regression

Significant between-group differences were found in six re-
gions for BOLD Amplituder;; and three regions for BOLD
Entropyp1. No significant structural between-group differ-
ences were found. Therefore, the nine functional MRI regions
(Table 2), as well as sex and age covariates, were used as
independent variables in a multiple regression analysis to as-
sociate Force Tremory with the BOLD signal. A bidirec-
tional stepwise regression analysis, which minimized the
Akaike information criterion (AIC) produced a significant
model (R,g” = 42.18%; Prpr < 0.05; maximum VIF = 3.33)
associating Force Tremoryyy with BOLD signal, and included
BOLD Amplitudeyyy in left M1/S1, IPL, and cerebellar lobule
VI, BOLD Entropyy.p, in right V3/V5, and age. Figure 6A
highlights these regions (BOLD Amplituder;: red; BOLD
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Figure 5 Probabilistic tractography FA; and free water profiles. A 3D view of the cerebello-thalamo-motor cortical tract is shown
(A). The FAt profiles are shown for the left (B) and right (C) hemispheres. The mean FAr is displayed with a black line, and the blue (control) and
orange (essential tremor, ET) shaded areas represent &= SEM for each group. The free water (FW) profiles are also shown for the left (D) and
right (E) hemispheres. No significant between-group differences in FAr or free water were found.

Entropygr: blue) and shows the partial regression plots
for each variable, which demonstrates how each region con-
tributes to the overall multiple regression model while con-
trolling for all other variables. For left M1/51, a higher BOLD
Amplitudeyy; was associated with a higher Force Tremoryy.y.
In contrast, for left IPL and cerebellar lobule VI, a higher
BOLD Amplitudeiy; was associated with a lower Force
Tremorpy. In right V3/V5, a higher BOLD Entropyi; was
associated with a higher Force Tremory;. An increase in age
was associated with a higher Force Tremoryy;. Figure 6B
(column 1) shows the actual Force Tremory; versus the
predicted Force Tremory. The model significantly associat-
ing BOLD signal with Force Tremoryyy was also used to as-
sociate BOLD signal with the FTM-TRS (Fig. 6B, column 2)
in the essential tremor patients and was significant
(Radj2=42.40%; Prpr = 0.042). The model was also used
to associate  BOLD signal with Force 0-3Hz Errorp.p
(Fig. 6B, column 3) in the essential tremor patients and was
not significant (Radl-zz 15.61%; Pgpr =0.761). Moreover,
an analysis using this network to predict Force Unfiltered
Errory; also demonstrated no significant correlation
(Ragi” = 10.50%; Prpr = 0.662), indicating that this network
is associated with tremor but not force error.

Discussion

The findings from the current study reveal that increases
in visual feedback exacerbate the severity of tremor in
essential tremor patients. This exacerbated tremor was

accompanied by abnormal changes in BOLD amplitude
and entropy in regions within the cerebello-thalamo-
motor cortical pathway, and extended to other visual and
parietal areas. Moreover, it was found that changes in
BOLD amplitude (primary motor and somatosensory
cortex, inferior parietal lobule, and cerebellar lobule VI)
and entropy (extrastriate visual areas) were associated
with changes in force tremor measured during the imaging
protocol, and were also associated with clinical tremor se-
verity. Further, this broad network was specific to the se-
verity of tremor, but did not relate to the changes in force
error induced by magnified visual feedback. This study pro-
vides direct evidence of a widespread functional network
across cerebellum, motor cortex, extrastriate visual cortex,
and parietal cortex associated with tremor severity in pa-
tients with essential tremor.

Essential tremor patients
demonstrate an altered response
to visual stimuli

While it is reasonable to propose that increases in visual
feedback should increase task difficulty and therefore
worsen performance on the force task, we found that
increases in visual feedback error led to similar reductions
in force error (Force Unfiltered Errory.; and Force 0-3 Hz
Errorpy) for essential tremor patients and controls.
This finding, using the same visual feedback manipulation,
has been consistently shown in young healthy controls,
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Figure 6 Multiple regression to associate Force Tremory with BOLD signal. (A) The BOLD Amplitude; and Entropy. regions,
which were associated with Force Tremoryy_ includes left MI/SI, IPL, cerebellar lobule VI, and right V3/V5. BOLD Amplitude; and Entropy
regions are shown in red and blue, respectively. For each region, a partial regression plot is displayed, which shows how each region contributes to
the multiple regression model while controlling for all other variables. (B) The predicted versus actual plots for Force Tremory., FTM-TRS, and

Force 0-3 Hz Errory . Age was included as a behavioural covariate.

elderly controls, and individuals post-stroke (Coombes
et al., 2010; Archer et al, 2016). While both groups
had similar changes in Force Erroryyp, there was a dispro-
portionate increase in tremor in the 4-12 Hz range (Force
Tremoryyy) in essential tremor patients compared to con-
trols. It has been found that the withdrawal of visual feed-
back in an arm extension task leads to a reduction of
tremor amplitude compared to the same arm extension
task in which visual feedback was provided. This finding
leads to the hypothesis that increases in visual information
would worsen tremor (Feys et al., 2003; Keogh et al.,
2004), and our findings support this notion, which has
long been suspected by clinicians.

Increases in visual feedback also led to an abnormal
change in BOLD amplitude (BOLD Amplitudefy.) in essen-
tial tremor patients compared to controls within, and
beyond, the cerebello-thalamo-motor cortical pathway.
Regions that demonstrated this finding include the primary
motor and somatosensory cortices (M1/S1), SPL, IPL, lin-
gual gyrus, cerebellar lobules I-IV, and cerebellar lobule VI.
Moreover, an increase in visual feedback led to larger in-
creases in BOLD entropy (BOLD Entropyy.r) in essential
tremor patients compared to controls in regions outside the
cerebello-thalamo-motor cortical pathway, and include
the primary visual cortex (V1), extrastriate visual areas
(V3/V5), and supplementary motor area (SMA). Our
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interpretation of this finding is that essential tremor is a
network-level disorder and is not confined solely within
the cerebello-thalamo-motor cortical pathway. It is possible
that some of the increases in BOLD Amplitude;; and
BOLD Entropyy. for each group in Figs 3 and 4 could
be attributed to additional visual activation in the high
visual feedback task; however, since both the control
group and essential tremor group experienced the task at
the same visual feedback levels, these visual activations
would be washed out in our group comparisons. The sig-
nificant regions found in this study agree with prior litera-
ture and are not restricted to visual regions. We also found
that the regions that demonstrated a disproportionate
change in BOLD signal were associated with the dispropor-
tionate increases in power from the 4-12Hz and not
related to force error.

The findings from the present study could provide insight
into which regions should be targeted in deep brain stimu-
lation treatment for essential tremor. Currently, deep brain
stimulation is often used to circumvent the lack of an ef-
fective pharmacological treatment of essential tremor, and
the current stimulation targets include the ventral inter-
mediate nucleus (VIM) of the thalamus and the zona
incerta located in the posterior subthalamic area (PSA)
(Fytagoridis et al., 2012; Xie et al., 2012; Barbe et al.,
2016). The VIM thalamus has connections with the cere-
bello-thalamo-motor cortical pathway (Kelly and Strick,
2003), and since this pathway is implicated in essential
tremor, stimulation of the VIM thalamus is often an effi-
cient treatment of essential tremor (Fytagoridis et al.,
2012). Moreover, stimulation of this area has been sug-
gested to be associated with structural changes in visuo-
motor areas such as V4 and V5 as well as the
parahippocampal area (Tuleasca et al., 2017). However,
habituation of tremor suppression often occurs and the
side effects can include ataxia and dysarthria (Fytagoridis
et al., 2012; Barbe et al., 2016). The zona incerta is located
in the PSA, which is located inferior to the VIM thalamus,
and has connections with the cerebello-thalamo-motor cor-
tical pathway through the basal ganglia and fields of forel
(Fytagoridis et al., 2012; Xie et al., 2012). Tracing studies
in animals show that the zona incerta has cortical connec-
tions extending from the frontal cortex to the occipital
cortex (Roger and Cadusseau, 1985; Mitrofanis and
Mikuletic, 1999), and also has connections to the thalamus,
substantia nigra, globus pallidus, and superior colliculus
(Ricardo, 1981; Power et al., 1999, 2001; Mitrofanis,
2005). It is difficult to conclude if a particular stimulation
target is superior in essential tremor, but it is possible that
optimal targets could vary on a patient-to-patient basis.
There is, however, a randomized controlled trial currently
being conducted (Barbe et al., 2016) that could provide
more understanding in the effect stimulation target
choice. This double-blinded trial will insert bilateral leads
in the VIM and the PSA in 15 subjects. A crossover design
will allow clinicians to evaluate the effects of stimulation in
both of these regions, and determine which region induces
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a larger reduction in the FTM-TRS. Our results suggest
that essential tremor involves a network extending
beyond the cerebello-thalamo-motor cortical pathway,
and therefore, a stimulation target that stimulates a more
widespread functional network could be beneficial, but it is
unclear whether stimulating a target with a more wide-
spread network could also elicit more side effects.

A widespread functional network is
associated with tremor

Several previous studies have associated functional MRI
BOLD amplitude and connectivity with tremor in essential
tremor (Buijink et al., 2015; Neely et al., 2015; Fang et al.,
2016); however, this is the first study that has shown a
potential causative link between the change in visual feed-
back, change in BOLD signal, and change in tremor. While
the present study corroborates findings of previous studies
by showing that regions of the cerebello-thalamo-motor
cortical pathway are associated with the severity of
tremor, we extend these findings by also showing that
other key regions in the visual cortex and parietal lobule
are associated with the severity of force tremor and the
FTM-TRS. Specifically, we found that Force Tremory,
was associated with BOLD Amplitudeyy; in the M1/S1,
IPL, and cerebellar lobule VI regions and BOLD
Entropyy in the extrastriate visual areas (V3/VS5).
Moreover, we found that while controlling for all other
regions, regions within cerebello-thalamo-motor cortical
pathway (M1/S1) had a different relationship with
Force Tremory.. Patients who had a higher BOLD
Amplituder;; in M1/S1 experienced a higher Force
Tremorpp. In contrast, patients with higher BOLD
Amplitudeyy;, in regions outside of this pathway (IPL and
cerebellar lobule VI) experienced a lower Force Tremorgy.
The M1/S1 and cerebellar lobule VI regions had inverse
relationships with Force Tremory . Our interpretation of
this relationship is that the neuronal signal travelling from
the cerebellum to the thalamus is impaired, and is likely
influencing the abnormal oscillations in the thalamus
and cortex. BOLD Entropyy.;, in V3/V5 correlated posi-
tively with Force Tremorgy. An important relationship
for V3/VS, IPL, and cerebellar lobule VI is that when the
changes in BOLD signal were more similar to controls, the
changes in Force Tremory.; were more similar to controls.
We also tested to see if there was an association between
the tremor network in the brain with Force Unfiltered
Errory or Force 0-3Hz Errorpy;, but there was no sig-
nificant model, indicating that this network level model is
specific to tremor. This is an important finding for two
main reasons. First, if this network was predictive of
changes in force error then this network is not specific to
tremor. Second, if this network was predictive of changes
in force error, then BOLD Amplitudey;; and BOLD
Entropyy could be attributed, at least in part, to task
difficulty. Since this relationship does not exist, it suggests
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this network is unique to tremor. Furthermore, these re-
gions were significantly associated with the FTM-TRS, indi-
cating that these results are not specific to this grip force
task and can be related to clinical tremor severity.

A mechanism has been described in Parkinson’s disease
in which there are two separate circuits associated with the
amplitude of tremor and is deemed the ‘dimmer-switch’
model (Helmich et al., 2012). In this model for tremor in
Parkinson’s disease, the basal ganglia plays the role of the
light switch, and when the basal ganglia circuit turns ‘on’,
it activates the cerebello-thalamo-motor cortical pathway.
More activity within the cerebello-thalamo-motor cortical
pathway is then associated with the amplitude of tremor,
and acts as the dimmer switch in the model. It is possible
that such a framework exists for essential tremor, and the
current study provides new evidence that multiple regions
across the cerebellum, motor cortex, visual cortex, and par-
ietal cortex relate to changes in tremor analogous to the
dimmer switch mechanism described for Parkinson’s
disease.

The novelty of this study is that we have found that re-
gions outside the cerebello-thalamo-motor cortical path-
way, including the extrastriate visual areas (V3/V5) and
IPL, are also associated with tremor severity in essential
tremor. First, we found that larger increases in V3/VS$
BOLD Entropyy.p relate to larger increases in Force
Tremory.;. A review paper by Vaillancourt and Newell
(2002) hypothesized that an oscillating intrinsic dynamic
(e.g. the BOLD signal in the grip force task used in this
study) would have increased entropy in a diseased state.
Our findings in this study are consistent with these predic-
tions, and we show that increases in visual feedback can
exacerbate this increased entropy, which is associated with
increased tremor in essential tremor. While this is the first
study to analyse BOLD signal entropy in essential tremor,
other studies have used other measures. One study using
resting state functional MRI in 20 patients with essential
tremor found that regional homogeneity—a measurement
that provides local connectivity correlations—is increased
in visual areas in essential tremor patients compared to
the whole-brain global average, but this does not differ
from controls (Fang et al., 2013). Longstanding evidence,
however, has shown that the V3/V5 regions are highly
involved in visuomotor processing (Paradis et al., 2000;
Sack et al., 2006; Martinez-Trujillo et al., 2007; Coombes
et al., 2010). Second, we found smaller increases in IPL
BOLD Amplitudey; led to smaller increases in Force
Tremoryyy. IPL has been implicated in visuomotor process-
ing (Coombes et al., 2010, 2011), and recent studies have
associated characteristics of this region with essential
tremor (Fang et al., 2013; Yin et al., 2016; Serrano et al.,
2017). A study measuring cortical thickness in IPL found
that this region, in addition to the right fusiform gyrus, best
diagnosed 18 essential tremor patients from 18 healthy
controls (Serrano et al., 2017). The IPL region used in
this study was obtained from the Desikan-Killiany Atlas,
which includes both IPL and V3/V5. We have built
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on these findings by showing that both V3/V5 BOLD en-
tropy and IPL BOLD amplitude are associated with tremor
severity. Our finding that IPL is involved in the severity
of tremor is reasonable considering a recent resting state
functional MRI study in 225 healthy subjects, which found
that IPL has significant functional connections with M1/S1,
V3/V5, and cerebellar lobule VI (Zhang and Li, 2014).
Together, these findings show that M1/S1, V3/VS5, IPL,
and cerebellar lobule VI are all involved in the severity of
tremor in essential tremor.

Structural differences in essential
tremor patients

This is the first slice-by-slice probabilistic tractography ana-
lysis of the cerebello-thalamo-motor cortical and visuo-
motor-related tracts in essential tremor. This analysis
found no significant differences in free-water-corrected frac-
tional anisotropy (FAT) or free water within the tracts stu-
died, which included the cerebello-thalamo-motor cortical
pathway, the primary visual cortex to parietal cortex path-
ways, and the parietal cortex to motor cortex pathways.
There have been several region-based diffusion tensor ima-
ging studies in essential tremor, which have shown mixed
findings (Shin et al., 2008; Nicoletti et al., 2010; Klein
et al., 2011; Cerasa and Quattrone, 2016). One probabil-
istic tractography study of the M1-CST, SMA-CST, and
M1-SMA tracts found increased FA in patients compared
to controls in the SMA-CST, but no differences were found
in the M1-CST or M1-SMA tracts (Gallea et al., 2015).
While they found differences in fractional anisotropy, it
was not corrected for free water (like in the present
study), which makes the measure susceptible to partial
volume effects (Pasternak et al., 2009). In addition to prob-
abilistic tractography analyses, we conducted a VBM ana-
lysis of T; images to compare white and grey matter
density between groups. We found no differences between
patients and controls in the cortex or in the cerebellum.
Several other studies, including the present study, have
found no grey matter loss in the cortex or cerebellum
(Daniels et al., 2006; Quattrone et al., 2008; Nicoletti
et al., 2010; Klein et al., 2011). The lack of findings in
the current study for tractography and VBM could be
related to the patients included in our cohort compared
with other cohorts (Daniels et al., 2006; Quattrone et al.,
2008; Shin et al., 2008; Nicoletti et al., 2010; Klein et al.,
2011; Gallea et al., 2015; Cerasa and Quattrone, 2016). It
is being recognized that essential tremor may be a family of
diseases with heterogeneity across individuals (Louis,
2005), and the lack of convergence across DTI and VBM
studies is consistent with this hypothesis. Taken together
with the functional MRI findings, this study suggests that
in the essential tremor patients studied here, there are func-
tional deficits in the absence of consistent, region-specific
structural degeneration. It is important to consider,
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however, that given the heterogeneity of essential tremor,
these results could be specific to our cohort and tasks.

Conclusions

In conclusion, this study suggests that the tremor severity
can be modulated with changes in visual feedback in essen-
tial tremor. Patients with essential tremor displayed abnor-
mal changes in BOLD signal in regions extending beyond
the cerebellum, thalamus, and motor cortex and includes the
parietal cortex, primary visual cortex, supplementary motor
area and extrastriate visual cortex. Further, we found that
abnormal BOLD signal changes in a widespread network of
regions (primary motor and somatosensory cortex, inferior
parietal lobule, cerebellar lobule VI, and extrastriate visual
areas) displayed a direct link with the change in the force
tremor in essential tremor. Secondary analyses showed that
this network was not related to changes in force error.
Moreover, we show that this network is associated with
clinical severity and therefore is clinical relevant. These find-
ings support the idea that tremor in essential tremor is not
driven by a single oscillator or single pathway, but is instead
related to a larger network of regions.
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