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Abstract

Objective: Although the cerebello-thalamo-cortical network has often been sug-

gested to be of importance in the pathogenesis of essential tremor (ET), the ori-

gins of tremorgenic activity in this disease are not fully understood. We used a

combination of cortical thickness imaging and neurophysiological studies to

analyze whether the severity of tremor was associated with anatomical changes

in the brain in ET patients. Methods: Magnetic resonance imaging (MRI) and

a neurophysiological assessment were performed in 13 nondemented ET

patients. High field structural brain MRI images acquired in a 3T scanner and

analyses of cortical thickness and surface were carried out. Cortical reconstruc-

tion and volumetric segmentation was performed with the FreeSurfer image

analysis software. We used high-density surface electromyography (hdEMG)

and inertial measurement units (IMUs) to quantify the tremor severity in upper

extrimities of patients. In particular, advanced computer tool was used to reli-

ably identify discharge patterns of individual motor units from surface hdEMG

and quantify motor unit synchronization. Results: We found significant associ-

ation between increased motor unit synchronization (i.e., more severe tremor)

and cortical changes (i.e., atrophy) in widespread cerebral cortical areas, includ-

ing the left medial orbitofrontal cortex, left isthmus of the cingulate gyrus, right

paracentral lobule, right lingual gyrus, as well as reduced left supramarginal

gyrus (inferior parietal cortex), right isthmus of the cingulate gyrus, left thala-

mus, and left amygdala volumes. Interpretation: Given that most of these brain

areas are involved in controlling movement sequencing, ET tremor could be

the result of an involuntary activation of a program of motor behavior used in

the genesis of voluntary repetitive movements.
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Introduction

Essential tremor (ET) is a neurodegenerative disorder with

a wide clinical spectrum, including several motor and non-

motor features.1 Although the cerebello-thalamo-cortical

network has often been suggested to be of importance in

the pathogenesis of ET, the origins of tremorgenic activity

in this disease are not fully understood. Through analyses

of coherence between cerebral cortical and muscle activity,

several studies have demonstrated the presence of tremor-

related activity in cerebral cortical structures;2,3 however,

these findings have not been replicated by others.4 These

discrepancies could be the result of intermittent cortico-

muscular coupling. In fact, it has been suggested that this

“cortico-muscular coupling” might be affected by bilateral

motor synchronization and awareness of tremor.4 In line

with this, a recent study using functional magnetic reso-

nance imaging (MRI) has revealed that increases in visual

feedback exacerbate the severity of tremor in ET patients.5

Furthermore, the latter study has also suggested the pres-

ence of a widespread functional network across cerebellum,

motor cortex, extra-striate visual cortex, and parietal cortex

associated with tremor severity in ET patients.5 However,

to our knowledge, the relationship between structural cor-

tico-metric changes and the severity of ET tremor has not

been explored and elucidated. The identification of brain

structural abnormalities associated with the severity of tre-

mor would add to the available evidence concerning the

role of the cortex in the genesis and/or propagation of tre-

mor in ET.

Only three studies have assessed the pattern of cortical

thickness in ET.6–8 Chung et al.6 studied the pattern of

cortical thickness in 18 ET patients who had responded

to propranolol and 14 who had not. The non-responder

group had more severe thinning in the left orbitofrontal

cortex and right temporal cortex.6 In a voxel-based

morphometry and cortical thickness study involving 14

ET patients, 12 dystonia patients, and 23 age- and sex-

matched healthy control subjects, Cerasa et al.7 reported

subtle thinning of the anterior cerebellar cortex in the ET

patients. Serrano et al.,8 tested the informativeness of

measuring cortical thickness for the purposes of ET diag-

nosis, applying feature selection and machine learning

methods to study a sample of 18 patients with ET and 18

age- and sex-matched healthy control subjects. They

found that cortical thickness features alone distinguished

the two, ET from healthy controls, with 81% diagnostic

accuracy.8

Our main aim was to objectify how the anatomical

integrity of brain structures in ET might be related to

tremorgenic activity. Given the relationship between

Parkinson’s disease and ET,9 we hypothesized that the

anatomical integrity of several specific brain areas might

be associated with tremorgenic activity in ET (esp., fron-

tal and parietal areas involved in movement sequencing),

similar to that suggested for Parkinson’s disease.10

Toward this purpose, we used a combination of cerebral

cortical thickness imaging and neurophysiological studies

(high-density electromyography [hdEMG] and inertial

measurement units [IMUs]) to analyze whether the sever-

ity of tremor in ET, measured by the level of motor unit

synchronization,8,11 was associated with the integrity of

brain anatomical structures. A secondary aim was to

compare the brain anatomical structure of the ET group

with that of a healthy control group.

Methods

Ethical aspects

All the participants included in the study gave their writ-

ten informed consent after full explanation of the
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procedure. The study, which was conducted in accor-

dance with the principles of the Helsinki declaration of

1975, was approved by the ethical standards committee

on human experimentation at the University Hospital “12

de Octubre” (Madrid).

Participants

ET patients were consecutively recruited from October

2012 to July 2013 from the outpatient neurology clinics

of the University Hospital “12 de Octubre” in Madrid

(Spain) after obtaining an appropriate informed consent.

Patients with history of dementia, stroke, epilepsy, head

injury or serious medical illness were excluded. We col-

lected data on demographics and medications to exclude

patients with tremor from hyperthyroidism or other med-

ical conditions or medication-induced tremor. Clinical

characteristics were obtained from review of records from

their outpatient neurological care. Furthermore, based on

a detailed clinical mental status examination, we excluded

patients with Diagnostic and Statistical Manual of Mental

Disorders (DSM)–IV criteria for dementia.12

Two neurologists with expertise in movement disorders

(JB-L and JPR), who were blinded to the MRI results,

examined the patients and used the Fahn-Tolosa-Mar�ın

tremor rating scale to assign a total tremor score

(range = 0–144).13 Diagnoses of ET were assigned by two

neurologists (JB-L and JPR) using the Consensus State-

ment on Tremor by the Movement Disorder Society.14

Furthermore, all ET patients had a normal [(123) I]FP-

CIT single photon emission computed tomography scan.

Seventeen age, gender, and education-matched healthy

controls were recruited either from relatives or friends of

the health professionals working at the University Hospi-

tal ‘‘12 de Octubre’’ of Madrid (Spain) or among the rel-

atives of patients who came to the neurological clinics for

reasons other than ET (e.g., headache, dizziness). None

reported having a first-degree or second-degree relative

with ET. Each control was examined by two neurologists

(JB-L and JPR), who were blinded to the MRI results, to

further rule out any neurological or other serious condi-

tions, including movement disorders, dementia, stroke,

epilepsy, or head injury.

All of the neurophysiological and MRI studies (see

below) were performed during the same week and while

taking their regular daily medication for ET. Detailed

accounts of the neurophysiological and neuroimaging

procedures have been published previously.8,10,15

Neurophysiological procedures

Every recording was carried out in a dimly illuminated

room. Patients seated in a comfortable armchair were

instructed to relax and keep their gaze fixed on a wall

at � 2-m distance. Postural and rest tremor were stimu-

lated by the tasks described in Table 1. In order to

enhance their tremor, patients with mild tremor severity

were additionally asked to mentally count backward dur-

ing the recordings. The recordings ranged from 40 sec to

4 min in duration, where at the 30 sec long interval with

the maximum tremor amplitude was selected for the

analysis.

Assessment of tremor in wrist movements

We used two pairs of IMUs (Technaid S.L., Madrid,

Spain) to measure movements of left and right wrist. One

IMU was placed on the dorsum of the hand and the

other on the distal third of the forearm. The IMUs signals

were sampled at 100 Hz and 12-bit resolution, low pass

filtered (cutoff frequency of 20 Hz) and stored for off-line

processing.

The coordinate systems of both IMUs in each pair had

y-axis aligned and the differences between the accelera-

tions in this axis were used to quantify the wrist move-

ments. In particular, Welch’s power spectral density

(PSD) was calculated in MATLAB (The MathWorks, Nat-

ick, MA) using the 1 sec long signal segments.

The tremor frequency was defined as the frequency of

maximum PSD peak on the interval from 5 Hz to 12 Hz.

Tremor harmonics were identified as the frequencies of

local PSD peaks at the double, triple and quadruple tre-

mor frequency with tolerance of �0.5 Hz. The amplitudes

of detected PSD peaks at tremor frequency and its har-

monics were then expressed in logarithmic scale and aver-

aged, yielding the mean logarithmic tremor power, that

Table 1. Tremor-triggering tasks performed during recordings of

wrist movement and hdEMG metrics. Each task was performed three

times.

Task Description

Rest (RE) The patient rested both arms, which

were completely relaxed and

supported either on the armrests or on

the patient’s lap, depending on what

he/she reported to be most

comfortable

Arms outstretched (AO) The patient kept his/her arms

outstretched, parallel to the ground,

with the palms down and the fingers

apart

Arms outstretched

with weights (WE)

The same as the AO task but with one-

kilogram weight fixed to both hands

Arms supported + postural

tremor elicited (PO)

The same as RE task, but with hands

and fingers extended against gravity
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is, tremor severity. With this approach we increased the

relative contributions of small PSD peaks and stressed the

role of higher tremor harmonics.

The rational for this nonlinear weighting of the PSD

peaks is based on the hypothesis that both the level of

muscle excitation and the level of motor unit synchro-

nization contribute to the tremor severity.11,15–17 That is

to say, in pathological tremor, synchronization of motor

unit activity in muscles causes involuntary bursts of

muscle activity and these bursts result in wrist oscilla-

tions.11,17 The stronger the pathological muscle excitation

(i.e., the larger the number of activated motor units),

the stronger the amplitude of wrist oscillations and the

stronger the power of basic tremor frequency.11,17 Simi-

larly, the stronger the synchronization of motor unit

spike trains, the higher the regularity of tremor bursts

and the larger the higher harmonics in the neural drive

to the muscle and also in the inertial measurements of

wrist oscillation.16

The sum of individual motor unit spike trains, the so

called cumulative spike train (CST), correlates linearly

with the neural drive to the muscle.18 The higher the level

of motor unit synchronization, the steeper the rises (at

the start of the tremor burst) and falls (at the end of the

tremor burst) in the CST.18–20 Therefore, with increase in

motor unit synchronization, the CST becomes more and

more similar to the periodic rectangular signal.18 In the

extreme case of perfect motor unit synchronization, the

CST becomes a delta train,18 and its Fourier transform is

a delta train with frequency peaks at higher harmonics of

basic tremor frequency.21 Similarly, Fourier transform of

a periodic rectangular signal contains many higher har-

monics of basic tremor frequency.22 Hence, the amplitude

and the number of higher harmonics in the neural drive,

EMG or inertial measurements depend on the steepness

of the rising and falling edges in CST and, thus, on the

level of motor unit synchronization.

Noteworthy, mechanical properties of wrist low-pass

filter the muscle excitation patterns in the mechanical tre-

mor signals (e.g., force or acceleration) and suppress the

relative contributions of higher tremor harmonics.15

Therefore, logarithmic weighting of PSD peaks was used

in the current study to counteract this low-pass filtering

effect and to increase the weight of tremor regularity in

the estimated tremor severity. The use of logarithmic

function was motivated by other studies reported in the

literature.23,24

Mean logarithmic tremor power was averaged over all

the postural tasks (arms outstretched [AO], arms sup-

ported + postural tremor elicited [PO] and arms out-

stretched with weights [WE]) and the rest (RE) task

(Table 1). The following tremor features were extracted

from the IMUs recordings.15

• Mean logarithmic power of the tremor harmonics,

averaged over the AO, PO, WE and RE tasks in both

hands. This metric reflects the net effect of all the mus-

cles that affect the wrist movement. Generally speaking,

the higher the metric’s value, the higher the synchro-

nization of motor unit activity in muscles controlling

the wrist.

• Mean logarithmic power of the tremor harmonics,

averaged over the AO, PO, and WE tasks, and normal-

ized to RE task in both hands. This metric quantifies

how the synchronization of muscles and motor units

changes when patients switch from RE to postural task.

Positive values indicate stronger synchronization in

postural task than in RE task, whereas negative values

indicate the stronger synchronization in RE than in

postural tasks.

• The difference between the mean logarithmic tremor

power, averaged across all the postural tasks (AO, PO,

WE), and the mean logarithmic tremor power, averaged

across the RE task.

Despite all these metrics used, the level of muscle exci-

tation and the level of motor unit synchronization are

difficult to discriminate using IMUs. For this purpose, we

directly measured motor unit synchronization by the

means of hdEMG decomposition, as described below.

Surface hdEMG signals

Surface hdEMG signals were recorded with 5 9 13 elec-

trode arrays (LISiN–OT Bioelettronica, Torino, Italy,

8 mm interelectrode distance) centred over flexor carpi

radialis and extensor digitorum communis, respectively.

Before electrode placement, we cleaned the skin and

lightly abraded it with abrasive paste (Meditec–Every,
Parma, Italy). In order to improve the electrode-skin con-

tact, the electrode cavities in the array were filled with

conductive gel (Meditec–Every, Parma, Italy). A soaked

bracelet, placed around one of the wrists was used as a

reference electrode. The bipolar surface hdEMG record-

ings were amplified, band-pass filtered (3 dB bandwidth,

10–750 Hz) and sampled at 2048 Hz and 12–bit resolu-

tion (LISiN–OT Bioelettronica, Torino, Italy).

We used Convolution Kernel Compensation (CKC)

algorithm.25,26 to independently decompose the hdEMG

signals from each array into motor unit spike trains. CKC

algorithm linearly combines all the channels from hdEMG

array and estimates the firing times (i.e., spikes) of

individual motor units. Afterwards, we used the Pulse-to-

Noise Ratio (PNR) to assess the accuracy of each individ-

ual motor unit spike train estimation.27 Only the motor

units with PNR ≥ 30 dB (corresponding to accuracy in

identification motor unit firing of >90%) were kept for
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analysis, whereas all the remaining motor units were dis-

carded. In addition, every identified motor unit spike

train was manually inspected by two experienced opera-

tors and obvious errors in automatic decomposition

corrected.

Finally, we quantified the pair-wise motor unit syn-

chronization. For this purpose, we calculated backward

and forward motor unit recurrence times in pairs of

simultaneously active motor units.28 The forward (back-

ward) recurrence time was defined as the distance from

the discharge of the first motor unit to the closest next

(previous) discharge of the second motor unit.29 For each

pair of identified motor units, we computed the 99%

confidence limit in a histogram of motor unit recurrence

times, assuming their uniform distribution in the absence

of pathological tremor.29 We then defined the percentage

of concurrent motor unit discharges as the ratio between

the peak area exceeding this 99% limit and the total

number of recurrence times in the histogram. Finally, we

averaged the percentage of concurrent motor unit dis-

charges across all the pairs of identified motor units per

recorded muscle.

The percentage of concurrent motor unit discharges in

postural tasks was normalized with the percentage of con-

current motor unit discharges during the RE task. There-

fore, values greater than 1 indicate stronger motor unit

synchronization in postural tasks than in RE task, whereas

values lower than 1 indicate stronger motor unit synchro-

nization in RE task than in postural tasks.

Neuroimaging procedures

Neuroimage acquisition

Participants were immobilized with a custom-fit blue

bag vacuum mold (Medical Intelligence, Inc.) to prevent

image artifacts. A strict criterion for head movement

assessment was adopted (maximal absolute head move-

ment less than 1.0 mm and 1.0° in the x, y, and z direc-

tions). Neither patients nor healthy controls were

excluded from the analysis due to this criterion. MRI

data were acquired on each patient and healthy control

using a GE Signa 3.0 T scanner (General Electric Medi-

cal Systems, Milwaukee, WI) with a standard quadrature

birdcage headcoil, using an axial 3D T1-weighted inver-

sion-recovery fast gradient echo sequence (TR = 5.0

msec; TE = 2.2 msec; Flip Angle = 12°; TI = 750 msec;

NEX = 1.0). A total of 176 contiguous 1-mm slices were

acquired with a 240 9 240 matrix with an in-plane reso-

lution of 1 9 1 mm, resulting in isotropic voxels. Stan-

dard sequences of the MRI scans were checked before

inclusion of a patient or healthy control.

Neuroimage processing

MRI images were processed to extract two types of infor-

mation: volumetric features and cortical thickness

features. Cortical reconstruction and volumetric segmen-

tation was performed with the FreeSurfer image analysis

suite, which is documented and freely available for down-

load online (http://surfer.nmr.mgh.harvard.edu/). Briefly,

this processing includes motion correction and averag-

ing30 of multiple volumetric T1 weighted images (when

more than one is available), removal of non-brain tissue

using a hybrid watershed/surface deformation proce-

dure,31 automated Talairach transformation, segmentation

of the subcortical white matter and deep gray matter vol-

umetric structures (including hippocampus, amygdala,

caudate, putamen, ventricles),32 intensity normalization,33

tessellation of the gray matter white matter boundary,

automated topology correction,34 and surface deformation

following intensity gradients to optimally place the gray/

white and gray/cerebrospinal fluid borders at the location

where the greatest shift in intensity defines the transition

to the other tissue class.35 Once the cortical models were

complete, a number of deformable procedures could be

performed for further data processing and analysis; these

included surface inflation,36 registration to a spherical

atlas, which utilizes individual cortical folding patterns to

match cortical geometry across subjects,37 fragmentation

of the cerebral cortex into units based on gyral and sulcal

structure,38 and creation of a variety of surface-based data

including maps of curvature and sulcal depth. This

method used both intensity and continuity information

from the entire three dimensional MRI volume in seg-

mentation and deformation procedures to produce repre-

sentations of cortical thickness, calculated as the closest

distance from the gray/white boundary to the gray/CSF

(cerebrospinal fluid) boundary at each vertex on the tes-

sellated surface.35 The maps were created using spatial

intensity gradients across tissue classes and were therefore

not simply reliant on absolute signal intensity. The maps

produced were not restricted to the voxel resolution of

the original data, and thus were capable of detecting

sub-millimeter differences between groups. The cortical

thickness features were average values for each region.

Additionally, for each cortical region, the standard devia-

tion of the cortical thickness was also calculated as a mea-

sure of roughness. We should keep in mind that the

distribution of cortex thickness is not uniform by layer,

neither is the variation in the thickness of the cortical lay-

ers proportional to the variation in the total thickness,

nor is the location and progression of subtle cortical atro-

phy the same among individuals with the same
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neurodegenerative disease.8 Hence, there is also a need

for new and more reliable variables to analyze the pattern

of cortical thickness.8 “Roughness” within a certain area

may therefore be a promising metric to overcome these

limitations.8 An increase in roughness would imply a

major cortical thinning (i.e., atrophy).8

The above processing steps yielded 129 white matter

and grey matter volumetric features of the whole brain

(except for the cerebellum) and 152 cortical thickness fea-

tures (average plus roughness, i.e., standard deviation of

the thickness), according to the Desikan-Killiany atlas,38

resulting in a total of 281 structural features from each

subject.

Statistical analyses

Statistical analyses were performed in SPSS Version 23.0

(IBM Corp., NY, USA).

A Student’s t-test with bootstrapping (N = 1000) was

applied to MRI data to find significant differences between

controls and patients.39 Equal or unequal variances were

considered for the t-tests according to Levene’s test results.

To discover relationships between cortical structures

and tremor kinematics, all IMUs and hdEMG metrics

were linearly modeled by a subset of the 281 structural

features extracted from MRI data together with demo-

graphic (age and sex) and clinical (Fahn-Tolosa-Mar�ın

tremor rating scale and time from ET onset) variables.

For each metric from IMUs or hdEMG, the algorithm

built any possible subset of the 281 structural features.

For each subset, a Monte Carlo simulation algorithm was

applied to find the optimum coefficients of the linear

model.40 Variables were added to the model under a cri-

terion of prevention of overfitting, that is, assessing each

new model update on a subset of the total sample. The

mean square error of the linear model with respect to the

actual values of the target variable was then calculated.

Finally, the algorithm returned the model of the subset

with the minimum error, thus optimally relating cortical

structure to tremor kinematics from an exploratory pro-

cess. For the current study, only the models of the target

variables with an error lower than 20% were reported.

A correlation analysis was also carried out to find the

pairwise relationships between hdEMG and IMUs vari-

ables, demographic (age and sex), clinical (Fahn-Tolosa-

Mar�ın tremor rating scale and time from ET onset), and

structural (MRI) variables. The Pearson product-moment

correlation coefficient was calculated for each pair under

normality conditions (Shapiro-Wilk test). Spearman’s

rank correlation coefficient was calculated otherwise. A

bootstrapping analysis (1000 samples) was applied to all

the correlation calculations to prevent type-I error.39 The

correlations having a significance value of P < 0.05 and a

confidence interval with lower and upper bounds with

the same sign as the correlation value were considered

statistically significant.

Results

As this study was nested within the NEUROTREMOR

project, a project whose main aim was to technically,

functionally and clinically validate a novel system for

understanding, providing diagnostic support for, and

remotely managing tremors, most of the ET patients

who were eligible refused to participate because of lack

of time because the study would have required that

they come to the hospital several times during the

study for the performance of clinical, neurophysiological

(magneto-electroencephalography and hdEMG record-

ings), neuropsychological, and neuroimaging evaluations.

Given this constraint, of the 300 ET patients seen at

outpatient neurology clinics of the University Hospital

“12 de Octubre” in Madrid (Spain) from October 2012

to July 2013, only 47 were eligible for the study. Of

these 47 ET patients, 14 had complete neurophysiologi-

cal testing and an MRI procedure with cortical thick-

ness data. Of these 14 ET patients, one was excluded

from the final analyses because he developed incident

Parkinson’s disease during follow-up. None of the par-

ticipants were excluded because of neurological comor-

bidities or structural abnormalities on conventional

MRI images, and none or developed additional neu-

rodegenerative diseases during the 5-year-follow-up per-

iod.

The final sample of 13 ET patients did not differ to a

significant degree from the 17 healthy controls in terms

of age, sex, and educational level (Table 2). The mean

tremor duration was 27.6 � 18.7 years and the mean tre-

mor rating scale score was 35.1 � 13.9 (Table 2).

Linear regression models of hdEMG and
IMUs activity from MRI data

Mean logarithmic power of the tremor harmonics,
averaged over the AO, PO, and WE tasks, and
normalized to RE task (IMU, hand with the more
severe tremor)

This linear model was determined by the following equa-

tion:

y ¼ 0:002� left medial orbitofrontal thickness þ
0:001� left supramarginal volume þ
14:202� right isthmus cingulate volume

Thus, the value of the mean logarithmic power of the

tremor harmonics, averaged over the AO, PO, and WE
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tasks, and normalized to RE task, in the hand with the

more severe tremor, was determined by thickness and

volume related variables from three cortical areas with a

determination coefficient of 0.922, as depicted in Fig-

ure 1. Please notice that some of the points in the graph

overlap (also in subsequent analogue figures). Figure 1

also shows the relative contribution of the cortical vari-

ables to the model. The highest contributions were pro-

vided by the supramarginal and medial orbitofrontal

areas of the left hemisphere.

Percentage of concurrent motor unit discharges in
AO/Percentage of concurrent motor unit
discharges in RE (hdEMG in hand with the more
severe tremor)

This metric directly measures the synchronization of

motor units in AO task, normalized to synchronization of

motor units in RE task. Therefore, it reflects the change

in motor unit synchronization when the patient moves

from the AO to the RE task. This variable was linearly

modeled by the following expression:

y ¼� 2:240� right paracentral thickness�
2:227� left isthmus cingulate thickness

The model comprised two thickness-related variables

with different contribution degrees as shown in Fig-

ure 2 and adjusted the actual values of the variable

with a determination coefficient of 0.813. In this

case, the left isthmus of the cingulate gyrus and right

paracentral lobule accounted for the total model vari-

ance.

Percentage of concurrent motor unit discharges in
PO/Percentage of concurrent motor unit
discharges in RE (hdEMG in hand with the more
severe tremor)

This variable is analogous to the latter one but for the

PO task. The model obtained for this variable adjusted

with a coefficient of determination of 0.820. It was

defined by the following equation:

y ¼� 2:687� left isthmus cingulate thickness�
2:049� right paracentral thickness

The cortical areas accounting for the model variance

are the same as for the AO task, as shown in Figure 3.

However, in this case the contribution of the left isthmus

of the cingulate gyrus is higher than the right paracentral

lobule.

Percentage of concurrent motor unit discharges in
AO/Percentage of concurrent motor unit
discharges in RE (hdEMG in hand with the less
severe tremor)

y¼�16:800� right paracentral roughness�11:009�
right lingual roughnessþ565:029�
left thalamus proper volume/grey matter volume�
2641:681� left amygdala volume/intracraneal volume

The value of this variable was determined by the fol-

lowing linear model:

In this case, the model was defined by two roughness-

related cortical variables in the right hemisphere, with the

same highest contribution, and two volume-related sub-

cortical variables (Fig. 4). The determination coefficient

of this model was 0.979.

MRI differences between ET patients and
healthy controls

Table 3 lists the brain anatomical areas that showed

significant differences between ET patients and the

healthy control group. Differences (reduced volume,

lower thickness and higher roughness) localized to cer-

tain subcortical and cortical regions, which included

both thalami, left sensorimotor cortex, left temporal

lobe, left occipital areas, left cingulate areas and

Table 2. Demographic and clinical characteristics of the essential tremor patients and the healthy control group.

Healthy controls (N = 17) Essential tremor patients (N = 13) P value

Sex (men) 10 (58.8%) 6 (46.2%) v(1) = 0.475, P = 0.491

Age in years 64.1 � 11.9 (39 to 80) 67.8 � 7.3 (51 to 80) t(28) = �1.008, P = 0.322

Years of formal education 9.1 � 3.4 (2 to 13) 7.1 � 3.7 (2 to 12) t(26) = 1.491, P = 0.148

Tremor severity 1 – 35.1 � 13.9 (18 to 56)

Tremor duration in years – 27.6 � 18.7 (6 to 65)

Values are expressed as mean � standard deviation (range).

Student’s t test was used for comparison of continuous data and the chi-square test for sex proportion.
1Fahn–Tolosa–Marı́n Tremor Rating Scale.
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bilateral entorhinal and ventral areas. Of note is that

none of these areas, aside from the left thalamus, were

part of the linear models described above, which sug-

gests a dissociation between the areas associated with

the diagnosis and the ones modulating (or modulated)

by the severity of tremor.

Correlations between IMUs and hdEMG
metrics and MRI, demographic and clinical
features

Table 4 shows the statistically significant correlations

between IMUs and hdEMG metrics and MRI data,

Figure 2. Left: Linearly modeled versus actual values of the percentage of concurrent motor unit discharges in AO task normalized to RE in the

hand with the more severe tremor. Right: Cortical areas comprising the descriptive model and their relative contribution. L: Left hemisphere; R:

Right hemisphere.

Figure 1. Left: Linearly modeled versus actual values of the mean logarithmic power of the tremor harmonics averaged over the AO, PO and WE

tasks, and normalized to RE task in the hand with the more severe tremor. Right: Cortical areas comprising the descriptive model and their

relative contribution. L: Left hemisphere; R: Right hemisphere.
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demographic and clinical features. Only two of the IMUs

or hdEMG metrics, which were linearly modeled above,

presented significant correlations with the MRI data con-

forming their respective linear models (Table 4). In addi-

tion, several MRI variables in the linear models above

showed significant correlations with different IMUs/

hdEMG variables, such as the left isthmus of the cingulate

gyrus thickness and the right paracentral lobule rough-

ness, pointing to a relationship between all these variables

and tremor parameters. With respect to clinical variables,

the Fahn-Tolosa-Mar�ın tremor rating scale score was pos-

itively correlated with sex (women tended to a higher

Figure 3. Left: Linearly modeled versus actual values of the percentage of concurrent motor unit discharges in PO task normalized to RE in the

hand with the more severe tremor. Right: Cortical areas comprising the descriptive model and their relative contribution. L: Left hemisphere; R:

Right hemisphere.

Figure 4. Left: Linearly modeled versus actual values of the percentage of concurrent motor unit discharges in AO task normalized to RE in the

hand with the less severe tremor. Right: Cortical areas comprising the descriptive model and their relative contribution. L: Left hemisphere; R:

Right hemisphere; GM: Grey Matter; ICV: Intracraneal Volume.
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score) and the left medial orbitofrontal cortex roughness.

This latter variable was a significant part of the linear

model of the mean logarithmic power of the tremor har-

monics, averaged over the AO, PO, and WE tasks, and

normalized to RE task, in the hand with the more severe

tremor. The time from onset variable was positively cor-

related with age, and negatively correlated with the left

amygdala volume with respect to the intracranial volume.

Finally, age was negatively correlated with the left isthmus

of the cingulate gyrus thickness, which is in turn part of

the linear model of the percentage of concurrent motor

unit discharges in AO normalized to RE in the hand with

the more severe tremor.

Discussion

We have demonstrated for the first time that morphologi-

cal changes in fronto-parietal circuit areas that regulate

movement sequencing are associated with increased

motor unit synchronization in the wrist muscles and,

consequently, with severity of tremor in ET patients.

Noteworthy, similar results were suggested for Parkin-

son’s disease.10 Increased motor unit synchronization

(i.e., more severe tremor) was associated with cortical

changes (i.e., atrophy) in widespread cortical areas,

including the left medial orbitofrontal cortex, left isthmus

of the cingulate gyrus, right paracentral lobule, right lin-

gual gyrus, as well as reduced left supramarginal gyrus

(left inferior parietal cortex), right isthmus of the cingu-

late gyrus, left thalamus, and left amygdala volumes. The

majority of these brain anatomical areas are involved in

controlling movement sequencing.41 The fact that multi-

ple cortical changes were affected at the same time sug-

gests the presence of a widespread functional network

involvement associated with tremor severity in ET

patients. In other words, these data suggest that the pro-

pogation and features of ET may be impacted by multiple

nodes along a cerebellar-thalamic-cortical network.42

All of our ET patients had bilateral tremor. We have

demonstrated that a large degree of tremor symmetry

exists in the neural drive to extensors and flexors of the

right and left wrist.15 This at least partially explains why

the cortical changes found in both hemispheres were sta-

tistically connected to the tremor demonstration in the

hand with more tremor. Further analysis of the interac-

tions between the bilateral cortical changes and bilateral

tremor demonstration are required.

Frontal and parietal areas are essential in attending to

and/or modeling motor action.41 Furthermore, left pari-

etal cortex damage or transcranial magnetic stimulation

of the left parietal cortex causes problems in performing

movement sequences.43,44 The posterior parietal cortex,

including the inferior parietal lobule, has been shown to

be involved in the preparation and redirection of move-

ments.45 as well as in intention to perform specific motor

acts.46 Also, the parietal cortex has interactions with the

extrastriate body area.47 This area, which is located in the

lateral occipital cortex at the posterior end of the inferior

temporal sulcus, is well-known to respond to visual pro-

cessing of static and moving human bodies even in the

Table 3. Statistically significant differences (t-test, P < 0.05) of MRI morphometry features between the essential tremor patients and the healthy

control group.

Healthy controls

(N = 17)

Essential tremor

patients (N = 13)

Bootstrapping (N=1000)

P value

Confidence Interval

Lower Upper

Left thalamus proper volume 6157 � 903 5530 � 498 0.004 260.046 1472.456

Right thalamus proper volume 6053 � 656 5507 � 730 0.011 170.462 1179.054

Right thalamus proper volume/

intracranial volume

0.0037 � 0.0004 0.0034 � 0.0004 0.047 0.0000076 0.0009711

Left superior parietal volume 12725 � 1588 11363 � 1181 0.005 528.311 2614.395

Left precuneus volume 8824 � 1088 7786 � 1060 0.005 327.191 1668.239

Left entorhinal volume 1997 � 269 1630 � 420 0.006 130.273 711.229

Left precentral thickness 2.5362 � 0.1114 2.4441 � 0.1314 0.025 0.01425 0.20172

Left postcentral thickness 2.1361 � 0.1214 2.0444 � 0.1073 0.009 0.03168 0.20129

Left temporal lobe thickness 2.9566 � 0.1489 2.8277 � 0.1643 0.016 0.02660 0.23891

Left parahippocampal thickness 2.8657 � 0.3863 2.3518 � 0.7359 0.035 0.02208 0.56041

Left posterior temporal roughness 0.4662 � 0.0615 0.5164 � 0.0747 0.024 �0.11178 -0.00856

Right lateral orbitofrontal volume 7190 � 853 6592 � 701 0.014 170.850 1383.304

Right fusiform volume 9270 � 1314 8247 � 1283 0.007 392.988 2312.406

Right entorhinal volume 1709 � 304 1451 � 265 0.008 76.055 473.366

Values are expressed as mean � standard deviation.
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absence of visual feedback from the limb.48 In addition,

the extrastriate body area contributes to planning goal-

directed actions, possibly by specifying a desired postural

configuration to parieto-frontal areas involved in comput-

ing movement parameters.47 We also found thinning of

the right lingual gyrus, suggesting dysfunction of the

visual associative cortex. This finding supports previous

neuropsychological studies of ET patients that suggest

impaired visual-motor integration,49 and structural brain

changes in these areas.50 Visual-associative cortical areas

(i.e., lingual gyrus) damage (atrophy) may impair pro-

cessing of somatosensory and visual stimuli, crucial for

correct spatial and temporal motor control.

Notably, we found that the paracentral lobule was

affected. The anterior portion of the paracentral lobule is

part of the frontal lobe and is often referred to as the

supplementary motor area.51 It is recognized that the sup-

plementary motor area plays a role in the planning, initia-

tion, and execution of motor acts. Furthermore, there is a

positive correlation between supplementary motor area

activity and the ordinal complexity of a sequence of

movements.52

Of additional interest, we found that the left medial

orbitofrontal cortex and the left amygdala were affected.

The medial orbitofrontal cortex is part of a neural sub-

strate that allows for the explicit retrieval of cognitive

strategies and of learned motor routines involved during

the skilled performance of sequential movement.,53 mean-

while the amygdala is a key brain area regulating many

aspects of emotional processing, including recognition of

emotional expression in faces. Both brain areas could be

affected in ET patients.54,55 Specifically, facial emotion

recognition has been found inversely correlated with tre-

mor severity (i.e., the lower facial emotion recognition,

the more severe tremor intensity).55

Another key finding of our study is that cingulate cor-

tex changes bilaterally were associated with increased

motor unit synchronization and, therefore, more tremor

Table 4. Matrix of statistically significant correlations (P < 0.05, bilateral) between IMUs and hdEMG metrics and MRI data, demographic and

clinical features.

Bootstrapping (N=1000) Age FTM

Time from

tremor

onset

Mean logarithmic power

of the tremor harmonics

averaged over the AO, PO

and WE tasks and

normalized to RE task

(IMU in hand with the

more severe tremor)

Percentage of concurrent

motor unit discharges in

AO/Percentage of

concurrent motor unit

discharges in RE (hdEMG

in hand with the more

severe tremor)

Percentage of

concurrent

motor unit

discharges in

PO/Percentage

of concurrent

motor unit

discharges in

RE (hdEMG in

hand with the

more severe

tremor)

Age in years Coefficient 0.7901

P value 0.011

Sex Coefficient 0.7832

P value 0.013

Left Amygdala

volume/ICV

Coefficient �0.6881

P value 0.40

Left supramarginal

volume

Coefficient 0.7041

P value 0.034

Left isthmus cingulate

thickness

Coefficient �0.7391 �0.7541

P value 0.023 0.19

Left medial orbitofrontal

roughness

Coefficient 0.7782

P value 0.014

Right isthmus cingulate

volume

Coefficient 0.7172

P value 0.030

Right paracentral

roughness

Coefficient �0.7232 �0.7142

P value 0.028 0.021

1Pearson product-moment correlation coefficient.
2Spearman’s rank correlation coefficient.

Arms outstretched (AO); arms supported + postural tremor elicited (PO); arms outstretched with weights (WE); rest (RE); Fahn Tolosa-Mar�ın tremor

rating scale (FTM); high-density surface electromyography (hdEMG); inertial measurement unit (IMU); intracraneal volume (ICV).

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 93

J. Benito-Le�on et al. Essential Tremor Severity in Essential Tremor and Brain Anatomical Changes



severity. The cingulate cortex may also be involved in

some way with the modulation of movement sequencing

since the anterior cingulate cortex plays a key role in

relating actions to their consequences, both positive rein-

forcement outcomes and errors, and in guiding decisions

about which actions are worth making.56

Taken together, the cortical changes observed in these

regions may indicate that ET patients might be more inef-

ficient in integrating multi-modal information in the

fronto-parietal network to produce an output that reflects

the selection, preparation, and execution of movements,57

which would result in tremor generation.

The observed cortical thickness changes may be caused

by sustained neuronal activation and subsequent neuronal

damage or loss. Alternative explanations include changes

in energy demand of sensory and motor neural loops.58

Indeed, increased motor unit synchronization has been

demonstrated to correlate with higher central and periph-

eral muscle fatigue.59 Therefore, higher energy demand

could facilitate neuronal damage with subsequent cortical

thinning (i.e., atrophy). An alternative explanation is that

the changes we observed are due to neurodegeneration. A

recent study has shown that volume loss is not restricted

solely to the cerebellum in ET, and that gray matter vol-

ume loss appears to be widespread in the cerebrum as

well.60 Similarly, studies of patients with diseases charac-

terized by even greater cerebellar involvement than in ET

(e.g., spinocerebellar ataxias) indicate the presence of vol-

ume loss in the cerebral cortex as well, indicating a more

diffuse degeneration in those diseases.61,62

It is worth mentioning that different variables of differ-

ent nature (IMUs, hdEMG or clinical features) were corre-

lated with different anatomical regions and features of the

cortical anatomy. This is likely because they are measuring

different phenomena, despite all being related to tremor

severity. Tremor severity depends on the strength of patho-

logical muscle excitation. This strength will dictate both

the number of recruited motor units as well as their syn-

chronization. Whereas the percentage of concurrent motor

unit discharges measures the strength of pathological exci-

tation in each individual muscle, the IMUs-based metrics

introduced herein measure the net effect of the excitation

of all the muscles controlling the wrist. In addition, the

phase differences (i.e., timing) in excitation of different

muscles have been demonstrated to have a significant effect

on amplitude of wrist movement and, therefore, IMUs-

based metrics.17 These differences in sensitivity of IMUs-

based and hdEMG –based metrics used in this study could

at least partially explain the correlation with different

anatomical regions and features of the cortex.

Several limitations of our study need to be mentioned.

First, the sample size was relatively small. However, we

observed robust correlations. Notwithstanding, it would

be important to replicate these findings in a larger sam-

ple, as small samples may be subject to spurious findings.

Second, the diagnosis of ET was based on clinical criteria

and further supported by normal [(123) I]FP-CIT single

photon emission computed tomography scan results.

Finally, it was not possible to determine whether there

were abnormalities in the cerebellum. Numerous clinical,

neuroimaging, and postmortem studies indicate the pres-

ence of functional, metabolic, and structural abnormali-

ties in the cerebellum of ET patients.63 In the current

study, cortical reconstruction and volumetric segmenta-

tion was performed with the FreeSurfer image analysis

suite (http://surfer.nmr.mgh.harvard.edu/). It is currently

not possible to obtain cortical thickness from cerebellum

with FreeSurfer, since this structure has such a fine cortex

that you need resolution on the order of microns to actu-

ally get it properly (http://surfer.nmr.mgh.harvard.edu/).

In closing, given that the accurate control of movement

sequencing is important for motor behavior programs

and that the responsible brain areas mainly overlap with

those involved in controlling motor sequencing, our

results suggest that ET tremor may be the result of an

involuntary activation of a program of motor behavior

ordinarily used in the genesis of rapid voluntary alternat-

ing movements. These brain anatomical areas could con-

ceivably represent new targets for neurostimulation

approaches, such as repetitive transcranial magnetic stim-

ulation or transcranial current direct stimulation, to pro-

vide new approaches to long-lasting reduction in tremor.
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