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Abstract
Background: Neuromodulation of  the cerebello-thalamo-cortical (CTC) circuit via thalamic stimulation is an effective therapy for essential tremor (ET). In order 

to develop non-invasive neuromodulation approaches, clinically relevant thalamo-cortical connections must be elucidated.

Methods: Twenty-eight subjects (18 ET patients and 10 controls) underwent MRI diffusional kurtosis imaging (DKI). A deterministic fiber-tracking  

algorithm based on DKI was used, with a seeding region placed at the ventral intermediate nucleus (Vim—located based on intraoperative physiology) to 

the ending regions at the supplementary motor area (SMA), pre-SMA, or primary motor cortex. One-tailed t-tests were performed to compare groups, and 

associations with tremor severity were determined by Pearson correlations. All p-values were adjusted for multiple comparisons using Bonferroni 

correction.

Results: There was a decrease in the mean diffusivity (MD) in patients compared to controls in all three tracts: Vim-M1 (ET 0.87, control 0.96, p < 0.01),  

Vim-SMA (ET 0.86, control 0.96, p < 0.05), and Vim-pre-SMA (ET 0.87, control 0.95, p < 0.05). There was a significant positive correlation between Tremor 

Rating Scale score and MK (r = 0.471, p = 0.033) and mean FA (r = 0.438, p = 0.045) for the Vim-SMA tract, and no significant correlation for the Vim-pre-SMA 

or Vim-M1 tracts was found.

Discussion: Patients with ET demonstrated a reinforcement of  Vim-cortical connectivity, with higher Vim-SMA connectivity being associated with greater 

tremor severity. This finding suggests that the Vim-SMA connection is relevant to the underlying pathophysiology of  ET, and inhibition of  the SMA may be an 

effective therapeutic approach.
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Introduction
Essential tremor (ET) is a common and potentially debilitating disor-

der for which there are limited treatment options.1 ET is described as a 
familial tremor present with action and posture; however, this pheno-
type may include multiple conditions, which are not currently unified by 
one underlying neurophysiologic mechanism.2 There are several lines of  
evidence to support the notion that tremor originates in the cerebellum3 
and then propagates through the cerebello-thalamo-cortical (CTC) 
loop.4–6 Specifically, thalamic connection to the primary motor  
cortex (M1) has been well studied in ET7; however, the role of  other 
cortical areas implicated in this network has not been elucidated. 
Neuromodulation of  the CTC via thalamic stimulation is effective for 
the treatment of  ET8; however, cortical stimulation targeting the CTC 
would provide a practical, cost-effective, and safer non-invasive option. 
Nonetheless, studies assessing cortical stimulation have led to inconsis-
tent results.9–11 Chuang et al. reported a significant reduction in tremor 
amplitude after continuous theta burst stimulation (cTBS) of  both 
motor and pre-motor cortices, but the improvement was short lived.12 
Moro et al. reported sustained effect with subdural motor cortex stimu-
lation up to 1 year,13 and Picillo reported a case of  subdural cTBS with 
benefit up to 3 months.11 Another study reported subclinical improve-
ment with M1 cTBS after a single session.14 Papa et al. reported 
improvement in tremor following 1 Hz rTMS to the cerebellum sus-
tained up to 3 weeks.9

Among the cortical components of  the CTC, the SMA appears to 
exert a key role in the pathophysiology of  the disease. Gallea et al. 
reported functional and structural connectivity changes in the SMA in 
patients compared to controls, which correlated with tremor scores.15 
Indeed, our group reported significant improvement following 15 ses-
sions 1 Hz rTMS of  the pre-SMA which was sustained at 3 months.10

In this study, we aim to evaluate the critical neuroanatomy of  CTC 
abnormalities related to ET that may be amenable to non-invasive neu-
romodulation. We compared thalamo-cortical structural connectivity 
using diffusional kurtosis imaging (DKI) with the objective of  determin-
ing the most clinically relevant components within the CTC in ET. DKI 
has been shown to be superior to DTI for detecting crossing fibers.16–18 
We feel this approach is ideal for performing tractography in this region 
of  the brain. These findings could further inform future interventional 
studies of  cortical targets for the treatment of  tremor in ET.

Methods
Subjects

Twenty-eight subjects (18 ET patients and 10 controls) underwent 
clinical MRI with DKI. The ET patients were selected from the Medical 
University of  South Carolina deep brain stimulation (DBS) clinic, prior 
DBS surgery. Healthy controls were age- and gender-matched; they 
were selected from the New York University Alzheimer’s Disease Center, 
as a control group, and had no evidence of  dementia or mild cognitive 
impairment after neurologic, psychiatric evaluations, and neuropsycho-
logical batteries were administered to confirm this. Fahn–Tolosa–Marin 
Tremor Rating Scale (TRS) was performed as part of  the DBS 

evaluation. This study was approved by the Institutional Review Board 
of  the Medical University of  South Carolina.

Magnetic resonance imaging

DKI datasets were acquired from 18 ET subjects and 10 controls.  
ET subjects were imaged on the Verio 3T (12), Avanto 1.5T (1), and 
Skyra 3T (5) MRI systems (running VB19) (Siemens Medical, Erlangen, 
Germany). The diffusion-encoding gradients were along 30 different 
directions with b-values of  0, 1,000, and 2,000 s/mm2. Voxel size was 
3.0 × 3.0 × 3.0 mm3, FoV read was 222, and FoV phase was 100%. 
Echo time (TE) was 98 ms and the repetition time (TR) was 8,500 ms on 
3T system. Echo time (TE) was 99 ms and the repetition time (TR) was 
5,500 ms on 1.5T system.

Healthy controls were imaged on TimTrio 3T MRI (Siemens 
Medical, Erlangen, Germany). The diffusion-encoding gradients  
were along 30 different directions with b-values of  0, 1,000, and  
2,000 s/mm2. Echo time (TE) was 96 ms, repetition time (TR) was 
5,900 ms, voxel size was 2.7 × 2.7 × 2.7 mm3, FoV read was 222, and 
FoV phase was 100%.

Regions of Interest

The Vim region of  interest (ROI) was determined based on intraop-
erative microelectrode recording (MER) findings. Intraoperatively, the 
Vim borders were defined by MER based on standard techniques.19 
Based on these findings, the ROI center was identified, and coordinates 
were determined. A 6.0 × 6.0 × 6.0 mm3 (2 times the isotropic voxel 
size) ROI was created ensuring adjacent structures were not included.

The SMA ROI was created from the AICHA Atlas.20 The pre-SMA 
ROI was created by combining the AICHA Atlas regions G_Supp_
Motor_Area-2 and G_Supp_Motor_Area-1. The pulvinar ROI was 
derived from the Thalamic Connectivity Atlas, and the occipital cortex 
ROI was derived from the Harvard-Oxford Cortical Atlas. A threshold 
of  25% was applied to both ROIs. Regarding the ROIs derived from the 
AICHA Atlas and the Thalamic Connectivity Atlas, the left hemisphere 
was reflected on right for symmetry (see Figure 1).

Structural connectivity

A deterministic fiber-tracking algorithm based on DKI was used, 
with a seeding region in the Vim ending in the SMA, pre-SMA, and M1 
(see Figure 2). The anisotropy threshold for all subjects was 0.10, with 
the angular threshold at 35 degrees and step size at 1.4 mm. Tracts with 
length more than 300 mm were discarded, and a total of  100,000 seeds 
were placed.

Importantly, in order to avoid global non-specific brain differences in 
connectivity between ET and controls, the pulvinar to occipital cortex 
tract was used as a control to normalize the remaining tracts, since the 
pulvinar to occipital cortex tract is not directly related to the pathophys-
iology of  ET. As such, all Vim-based tracts were normalized (per each 
individual) based on the pulvinar–occipital tracts according to the fol-
lowing formula (Vim tract/pulvinar tract), and all measures described 
below represent this ratio.

http://www.tremorjournal.org
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Statistics

Tests for normality were conducted for all tracts and all parameters, 
which confirmed a normal distribution. As such, one-tailed t-test  
(a priori hypothesis) was used when comparing FA Mean, MK Mean, 
and MD Mean between age-matched controls and ET subjects. In 
each tract, comparisons between groups for each metric (FA mean, 
MK mean, and MD mean) were conducted using Bonferroni-adjusted 
p-values (p-value*3).

Pearson’s correlation coefficients were calculated between TRS and 
FA Mean, MK Mean, and MD Mean for all three motor tracts. ANOVA 
was used when comparing FA Mean, MK Mean, and MD Mean 
between motor tracts in ET subjects. In each metric, comparisons 
between tracts in ET subjects were conducted using Bonferroni-adjusted 
p-values (p-value*3).

Results
Subjects

ET patients were 71.1 ± 8.8 years of  age and 55.6% male, while 
controls were 69.4 ± 9.0 years of  age and 30% male. Mean tremor 
severity was 55.6 ± 17.38 on the TRS. All patients in this cohort had 
severe, functionally debilitating tremor, which was treatment refractory 
and were cleared as such for DBS surgery. None of  the subjects carried 
a diagnosis of  ET-plus or had dystonic component to their tremor. All 
metrics of  interest including age were normally distributed.

Tractography

We compared the normalized ratios of  mean fractional anisotropy 
(FA), mean kurtosis (MK), and mean diffusivity (MD) in all three tracts 
of  interest (Vim-M1, Vim-SMA, and Vim-pre-SMA) in ET patients. We 
found the FA mean to be higher in Vim-M1 (1.17) compared to  
Vim-pre-SMA (1.04) and higher in Vim-SMA (1.08) compared to Vim-
pre-SMA (1.04), p < 0.01, F statistic 10.412. We also found the MK 
mean to be higher in Vim-M1 (1.15) compared to Vim-pre-SMA (1.07) 
and higher in Vim-SMA (1.1) compared to Vim-pre-SMA (1.07),  
p < 0.05, F statistic 5.04. There were no statistically significant differ-
ences in MD (see Figure 3).

When comparing ET patients to controls, there was no statistically 
significant difference in FA or MK in any of  the tracts. There was a 
statistically significant decrease in MD in patients (0.87) compared to 
controls (0.96) in p < 0.01 in the Vim-M1 tract. There was a trend 
towards increased FA and MK along this tract as well. There was a 
statistically significant decrease in MD in patients (0.87) compared to 
controls (0.95) in p < 0.05 in the Vim-pre-SMA tract. There was a sta-
tistically significant decrease in MD in patients (0.86) compared to con-
trols (0.96) in p < 0.05 in the Vim-SMA tract (see Figure 4).

Clinical correlation

There was a significant positive correlation between Tremor Rating 
Scale (TRS) score and MK (r = 0.471, p = 0.033) for the Vim-SMA 
tract. There was also a significant positive correlation between  
TRS score and mean FA (r = 0.438, p = 0.045) for the Vim-SMA tract. 

Figure 1.  Regions of  Interest. Representation of  sample ROI for Thalamic 
and Cortical Structures Represented by Color Scheme Shown on Legend, in the 
Axial (A), Sagittal (B), and Coronal (C) Views. 

Figure 2.  Tractography. Representation of  DKI Tractography from Selected 
ROIs. Each tract is represented by the color scheme shown on legend.

http://www.tremorjournal.org
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There was no significant correlation for FA, MK, or MD, for the Vim → 
pre-SMA or Vim → M1 tracts (see Figure 5).

Discussion
We report the findings of  the first study utilizing DKI deterministic 

tractography to investigate thalamo-cortical connectivity in ET. We also 
report the feasibility of  our approach using intraoperative mapping to 
guide ROI selection within the thalamus, determining the clinically rel-
evant sensorimotor region of  the thalamus using detailed intraoperative 
physiology. Comparisons of  multiple metrics along the three tracts of  
interest in ET patients revealed greater FA and MK values in the Vim 
to M1, or Vim to SMA compared to the Vim to pre-SMA tract, but no 
difference in MD. This may be explained by the fact that each parame-
ter represents different physical properties along the tract. Specifically, 
FA is an index of  directional dependence of  diffusion, MD refers to the 
amplitude of  diffusion or displacement of  the water molecules, and MK 
is a measure of  heterogeneity of  the tissue microenvironment. Therefore, 
there are differences in the directionality of  diffusion as well as the het-
erogeneity of  the microenvironment of  the tract, but no significant dif-
ference in the amplitude of  diffusion. Given that this is an area of  high 
white matter fiber crossing, differences in heterogeneity of  the tissue 
structure are captured, while differences in diffusion are not as evident.

Figure 4.  Differences between ET patients and Controls. FA Mean, 
MK Mean, and MD Mean for patients and controls in (A) Vim-M1, 
(B) Vim-preSMA, and (C) Vim-SMA Tracts.

Figure 3.  Tract Comparison by metric in ET patients. Comparison 
of  Each Track by FA Mean, MK Mean, and MD Mean.

Figure 5.  Relationship between Tractography metrics and Tremor 
Severity. MK and FA Plotted against Tremor Severity represented by total 
tremor rating scale (TRS) score.

http://www.tremorjournal.org
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The network involved in ET has been studied extensively in recent 
years with a variety of  coherence analyses of  tremor frequency as mea-
sured by surface electromyography (EMG), cortical oscillations cap-
tured with multiple electroencephalography (EEG) techniques including 
magnetoencephalography or MEG and high density EEG, and dynamic 
source imaging. In this analysis, the cortical area found to have high 
coherence with cerebellar oscillations in ET was primarily M1; however, 
premotor cortex and SMA were also implicated.21 Earlier studies have 
also shown coherence between M1 and tremor on EMG.7 Due to the 
anatomical location of  SMA, it is difficult to capture in scalp EEG stud-
ies, which makes tractography a more useful measure for this particular 
connection.

Although tractography has been proposed to aid in surgical targeting, 
very few studies have been reported of  structural connectivity changes in 
ET compared to controls. A recent study showed a reduction in structural 
connectivity from the thalamus to the pre-motor cortex, which is in line 
with our findings of  decreased thalamo-cortical connectivity but they did 
not look at other motor cortices.22 A more recent study used probabilistic 
tractography to segment the thalamus and then modeled of  volume tissue 
activated (VTA) with DBS to see which thalamic segments were within 
the model of  VTA. They found the thalamic segments corresponding to 
SMA and prefrontal cortex to be associated with tremor reduction.23

In our study, we focused on seeding the motor thalamus as identified 
by physiology and used DKI tractography to investigate associations 
between MK, MD and FA along each tract with tremor severity. DKI 
has been shown to have less systematic error than DTI enabling the 
detection of  crossing fiber bundles.18 This is critical in answering ques-
tions of  thalamo-cortical connectivity given the anatomic location of  
these connections. With this approach, we were able to identify a posi-
tive association with MK and FA with tremor severity in the Vim-SMA 
tract, specifically, which was not present along the other tracts. We inter-
pret these findings as an indication that the Vim-SMA tract is more 
closely linked to tremor propagation than other thalamo-cortical tracts. 
Furthermore, using DKI tractography we are able to quantify metrics 
within the tract and how these are associated with tremor severity, which 
may have significant therapeutic implications. Specifically, we found 
that as the connectivity between Vim and SMA strengthens, tremor 
worsens, which would suggest that inhibition of  the SMA may be an 
effective therapeutic approach.

Thalamo-cortical connections are complex and include afferent and 
efferent connections and interneurons that are thought to have a modu-
latory role of  the motor thalamus.24 The role of  the SMA in ET has 
been thought to be mostly compensatory to a primary cerebellar prob-
lem, based on evidence from opposing changes of  the SMA and cere-
bellum. Decreased cerebellar volume is positively correlated with tremor 
frequency, while increased SMA volume is positively correlated with 
tremor intensity.15 One hypothesis is that the compensatory role of  the 
SMA is effective early on and eventually overwhelmed, leading to the 
emergence of  tremor clinically. If  so, enhancing the SMA compensa-
tory activity should yield tremor reduction. An alternative hypothesis 
is  that increased SMA connectivity is a maladaptive response, which 
explains why increases in volume and connectivity correlate with 

worsening tremor severity. In this case, SMA inhibition is more likely to 
reduce tremor severity.

However, previous attempts at inhibiting cortical areas in ET revealed 
mixed results. Possible explanations for these findings include: (1) subop-
timal targeting, (2) suboptimal dosing, and (3) targeting a less relevant 
cortical region. In our study inhibiting the pre-SMA, we saw sustained 
improvement in tremor severity from pre- to post-treatment without a 
difference between active and sham. If  in fact, the Vim-SMA connec-
tion is the relevant clinical connection, the observed tremor reduction 
may have been related more to the stimulation of  the adjacent SMA 
proper than pre-SMA itself. Our findings therefore inform future stud-
ies targeting cortical structure for the treatment of  ET suggesting the 
SMA as the more relevant cortical-thalamic connection and inhibition 
as the more likely effective approach.

Limitations of  our study include the use of  different MRI scanners 
within the ET subject group and with the control group. We addressed 
this limitation by normalizing our results to the pulvinar-occipital cortex 
tract. There are no reported or expected differences along this tract in 
ET. However, the possibility that some of  the observed changes are due 
to different scanners cannot be excluded. It is also important to note 
that although corrections for multiple comparisons were made when 
comparing across tracts and imaging metrics, we did not correct for 
multiple comparisons in the clinical correlation analysis. Therefore, we 
interpret these findings as exploratory and should be replicated in a 
larger cohort.
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