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Ventrolateral Motor Thalamus Abnormal Connectivity in Essential Tremor Before and
After Thalamotomy: A Resting-State Functional Magnetic Resonance Imaging Study
Constantin Tuleasca1,2,4,5, Elena Najdenovska2, Jean Régis6, Tatiana Witjas7, Nadine Girard8, Jérôme Champoudry6,
Mohamed Faouzi9, Jean-Philippe Thiran3-5, Meritxell Bach Cuadra2,4, Marc Levivier1,5, Dimitri Van De Ville10,11

OBJECTIVE: To evaluate functional connectivity (FC) of
the ventrolateral thalamus, a common target for drugresistant essential tremor (ET), resting-state data were
analyzed before and 1 year after stereotactic radiosurgical
thalamotomy and compared against healthy controls (HCs).

-

METHODS: In total, 17 consecutive patients with ET and 10
HCs were enrolled. Tremor network was investigated using
the ventrolateral ventral (VLV) thalamic nucleus as the region
of interest, extracted with automated segmentation from
pretherapeutic diffusion magnetic resonance imaging. Temporal correlations of VLV at whole brain level were evaluated
by comparing drug-naïve patients with ET with HCs, and
longitudinally, 1 year after stereotactic radiosurgical thalamotomy. 1 year thalamotomy MR signature was always
located inside VLV and did not correlate with any of FC measures (P > 0.05). This suggested presence of longitudinal
changes in VLV FC independently of the MR signature volume.

-

dorsal anterior cingulate, left visual association, and left
superior parietal areas. Pretherapeutic negative FC with
primary somatosensory cortex and pedunculopontine nucleus correlated with poorer baseline tremor scores
(Spearman [ 0.04 and 0.01). Longitudinal study displayed
changes within right dorsal attention (frontal eye-fields
and posterior parietal) and salience (anterior insula) networks, as well as areas involved in hand movement
planning or language production.
CONCLUSIONS: Our results demonstrated that patients
with ET and HCs differ in their left VLV FC to primary somatosensory and supplementary motor, visual association,
or brainstem areas (pedunculopontine nucleus). Longitudinal changes display reorganization of dorsal attention
and salience networks after thalamotomy. Beside attentional gateway, they are also known for their major role in
facilitating a rapid access to the motor system.

-

RESULTS: Pretherapeutic ET displayed altered VLV FC with
left primary sensory-motor cortex, pedunculopontine nucleus,

-
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ADL: Activities of daily living
BA: Brodmann area
DBS: Deep-brain stimulation
DWI: Diffusion-weighted imaging
ET: Essential tremor
FC: Functional connectivity
FEW: Family-wise correction
fMRI: Functional magnetic resonance imaging
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HIFU: High-focused ultrasound
ION: Inferior olivary nucleus
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RS: Radiosurgery
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SRS-T: Stereotactic radiosurgical thalamotomy

Vim: Ventrointermediate nucleus
VLV: Ventral lateral ventral (thalamic nucleus)
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INTRODUCTION

E

ssential tremor (ET) is the most prevalent movement disorder in the adult population.1-3 Initially regarded as an
individual illness, it is nowadays suggested as a family of
diseases.4 The pathophysiology is still poorly understood.3,5
One hypothesis for tremor generation suggests a central role of the
inferior olivary nucleus (ION).6 In addition, recent ﬁndings using
resting-state functional magnetic resonance imaging (fMRI)
showed that pretherapeutic interconnectivity strength between the
ION and bilateral motor cortex is predictive for tremor arrest after
thalamotomy.7 This hypothesis is based on the fact that ION would
produce an abnormal rhythmic output, affecting synchronization of
Purkinje cell ﬁring,8 propagated through the cerebellothalamic
tract,9,10 tuning motor activity.11 Independently of the tremor origin
(ION vs. cerebellum), the abnormal rhythmic output travels from
dentate cerebellar nucleus to the contralateral M1 area, passing
through the ventrointermediate nucleus (Vim) (e.g., “tremor ax”).12
In fact, the Vim has been successfully targeted in tremor since the
pioneering thermocoagulation performed by Hassler,13 further
continuing with the stereotactic radiofrequency thalamotomy14 and
more recently deep-brain stimulation (DBS),15,16 the standard of care.
An alternative to open surgical procedures, radiosurgery (RS),
which aims at the same target (e.g., Vim), has a high level of
evidence.17-19 Unlike radiofrequency thalamotomy and DBS, RS does
not have the possibility of intraoperative conﬁrmation and induces a
delayed clinical and radiologic effect, up to 1 year after the procedure.17 More recently, high-focused ultrasound (HIFU), which
produces a controlled thermocoagulation, has demonstrated its
safety and efﬁcacy, with an immediate clinical and radiologic effect.20
fMRI is a valuable, noninvasive technique, that allows exploring
brain networks in healthy and pathologic conditions, including
ET.21-24 Resting-state fMRI, in particular, evaluates interactions
between segregated brain areas in the absence of an explicit task.
Resting-state activity is observed through changes in spontaneous
ﬂuctuations of blood-oxygen-level-dependent signal.25 The former
can be acquired with minimal patient compliance, which unlocks
new possibilities for application in the clinical realm.26
Here, we used resting-state fMRI to describe the anterolateral
motor thalamus temporal correlations at the whole brain level
(seed-to-voxel analysis). Function connectivity (FC) derived from
resting-state fMRI time-courses was analyzed pretherapeutically,
before stereotactic radiosurgical thalamotomy (SRS-T, as
compared with healthy controls [HCs]) and 1 year later. The
studied region-of-interest seed was the ventrolateral ventral nucleus (VLV; nomenclature form Morel et al.27), as Vim is not
directly visible on current 1.5- and 3-Tesla magnetic resonance
imaging (MRI) acquisitions. The VLV was obtained by using a
newly automated, robust, and reproducible method for thalamus
clustering published by our group.28 This method exclusively
explores local thalamic diffusion properties across both HCs and
patients with ET (pretherapeutic data).28
Our primary aims in this study were 1) to compare VLV FC in
HCs versus pretherapeutic ET; and 2) to evaluate longitudinal
changes 1 year after SRS-T (as compared with pretherapeutic), to
account for the delayed clinical effect.29
Our ﬁrst hypothesis was that pretherapeutically FC is impaired
within the previously described tremor network, based on recent
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fMRI studies and existing physiopathologic theories.1,22,23 However, in addition to the main role of Vim in tremor propagation
and its altered thalamocortical connectivity in ET,23 recent studies
have speciﬁed an increased FC of sensory-motor and salience
networks in patients with ET compared with HCs.30 Our second
hypothesis was that SRS-T would not only generate changes
within the thalamocortical network but also produce a functional
reorganization of salience networks.
MATERIALS AND METHODS
Participants
We included 17 consecutive patients (right-handed, drug-resistant,
drug-naïve during study neuroimaging protocol) treated only with
left unilateral SRS-T between September 2014 and August 2015 at
Marseille University Hospital, Marseille, France. All were referred
by a neurologist specialized in movement disorders (T.W.). Clinical diagnosis was ET in all cases.
Only patients meeting inclusion criteria analyzed here were
included: conﬁrmed diagnosis of ET, able to give formal approval,
drug-resistance after adequate trials, age between 18 and 80 years,
and targeted thalamic area apparent on pretherapeutic MRI. Patients with mixed or Parkinsonian tremor were excluded, as well
as those with previous contralateral SRS-T, epilepsy, brain tumors,
or stroke. The main indication for SRS-T rather than DBS/stereotactic thalamotomy was medical comorbidities, advanced age,
or patient refusal of DBS. Ten HCs (age- and sex-matched) also
were enrolled (age: mean 70.4 years; median 71 years; range 59e83
years; male to female ratio: 4:6).
Standard Protocol Approvals, Registrations, and Patient Consents
The Ethical Committee of the Timone University Hospital (CPPRB
1) provided formal approval. Written informed consent was obtained for all cases. The ongoing trial started in September 2014.
Tremor and Cognitive Assessment
Tremor severity was assessed with the questionnaire designed by
Bain et al.31 (e.g., activities of daily living [ADL])31 and tremor
score on the right-treated hand from the Fahn-Tolosa-Marin
Tremor Rating Scale.32 Tremor assessment was standardly
performed at baseline and 1 year after SRS-T to account for
delayed clinical effect.29
Cognitive assessment was performed with the Mattis Dementia
Rating Scale33 and was not statistically different before (mean
135.9) and 1 year after SRS-T (mean 135.5, P > 0.05).
Stereotactic Radiosurgical Thalamotomy Procedure
Stereotactic radiosurgical thalamotomy was performed by the
same neurosurgeon (J.R.). After application of the Leksell Coordinate Frame G (Elekta AB, Stockholm, Sweden), under local
anesthesia,29 all patients underwent both stereotactic computed
tomography and MRI. Indirect targeting was performed in all
cases with the use of uniform and standard methodology by
Guiot’s diagram, placed 2.5 mm above the anterior
commissureeposterior commissure line and 11 mm lateral to
the wall of the third ventricle. A single 4-mm isocenter was used,
and a maximal prescription dose of 130 Gy.
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Figure 1. Schematic illustration of the data approach. (1.1.) Thalamus
segmentation is done with our previously published methodology and
further ventral lateral ventral (VLV) is extracted as a region of interest for
subsequent seed-to-voxel analysis. (1.2.) Seed-to-voxel connectivity maps
are obtained in healthy controls (HC; 1.2.1.) and in patients with essential
tremor (ET) before and after stereotactic radiosurgical thalamotomy (SRT);
the thalamotomy (in white) is coregistered with the VLV (in red) and was
always present inside the cluster (1.2.2.). VA, ventral anterior; MD,

Image Acquisition
Pretherapeutic neuroimaging included structural noninjected
T1-weighted MRI, diffusion-weighted imaging (DWI), and restingstate fMRI. Post-therapeutic neuroimaging at 1 year after SRS-T
included structural gadolinium-injected T1-weighted (for better
visualization of thalamotomy MR signature) and resting-state
fMRI.
Neuroimaging was done on a head-only 3T MRI scanner
(Siemens Medical Solutions, Erlangen, Germany) with a 32-channel
receive-only phased-array head coil. The following parameters were
employed: for the high-resolution structural, a 3D T1-weighted,
repetition time/echo time ¼ 2300/2.98 milliseconds, isotropic voxel
of 1 mm3, 160 slices; DWI was acquired with 72 gradient directions
and b ¼ 1000 s/mm2; T2*-weighted fast echo planar imaging (bloodoxygen-level-dependent contrast): repetition time/echo time ¼ 3.3
seconds/30 milliseconds/90 , voxel size 4  4  4 mm, 300 volumes
acquired per subject, 46 interleaved axial slices. Same parameters
were applied in HC (including for DWI and resting-state fMRI).
The resting-state fMRI experiments, acquired with no explicit
task, consisted of a 10-minute run in which participant were asked
to relax with their eyes closed without falling asleep or engaging in
cognitive or motor tasks. Patients and HC were monitored during
scanning to ensure maintenance of the eyes-closed and the awake
state.
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medio-dorsal; VLD, ventral-lateral dorsal; CL-LP-PuM, central lateral-lateral
posterior-pulvinar medial; Pu, pulvinar. The image appearing in Figure 1.1.1. is
an adapted version of the Figures 4 and 5 from our paper “Battistella G, et
al. Robust thalamic nuclei segmentation method based on local diffusion
magnetic resonance properties. Brain Struct Funct 2017;222:2203-221628”;
the figure has been adapted under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/
by/4.0/).

Resting-State fMRI Preprocessing
Neuroimaging data were analyzed in Lausanne (Switzerland) by
persons not involved in patient selection, treatment, or
post-therapeutic evaluation (C.T., E.N., M.B.C., and D.V.D.V.).
Processing of fMRI data was performed with the use of different
standard software suites: SPM12 (http://www.ﬁl.ion.ucl.ac.uk/
spm/, London, United Kingdom) implemented in MATLAB
R2016a (Mathworks, Natick, Massachusetts, USA), FSL (FMRIB
Software Library v5.0. Analysis Group, FMRIB, Oxford, United
Kingdom), and FreeSurfer (Massachusetts General Hospital,
Boston, Massachusetts, USA). The preprocessing pipeline of the
fMRI data encompassed standard procedures, including motion
correction (FSL McFlirt function) with selection of the middle
fMRI image as the reference one, correction of geometric
distortions using the individual ﬁeld map, signal stabilization,
coregistration of the T1-to-fMRI, spatial smoothing (full width at
half maximum ¼ 3 mm), temporal band pass ﬁltering (0.01e0.10
Hz), and regression of the average signals from both the white
matter and the cerebrospinal ﬂuid.
Resting-State fMRI Frame Censoring, of Particular Importance for
Patients with ET
Head motion during the MRI acquisitions, even if of
submillimetric amplitude, has been already demonstrated as
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Figure 2. Illustration of the left ventral lateral ventral (VLV) functional
connectivity (FC) in healthy controls (HCs) versus patients with essential
tremor (ET). (A.A.1.) HC. (A.A.2.) Pretherapeutic ET. (A.A.3.) HCs,
pretherapeutic ET. (A.A.4.) Pretherapeutic ET e HC; illustration of the left

nonphysiological source of spurious brain connectivity in
resting-state fMRI data.34 We computed Power’s framewise
displacement index for each time point.34 When it exceeded 0.5
mm, the corresponding frame was “scrubbed” along with 2
proceeding and 2 following ones (for a total of 5 for one
time-point exceeding the upper limit allowed). Only the remaining frames were further considered for analysis. Here, the mean
number of frames taken out was 35 (median 15, range 0e135).
Resting-State fMRI Data Analysis
For both left and right VLV, FC maps were generated individually
using the REST35 by a seed-to-voxel approach. Furthermore, they
were normalized applying the Montreal Neurological Institute
template using SPM 12 (London, United Kingdom).
The resulting subject-level spatial maps were statistically
analyzed with SPM 12, using: 1) 2-sample t test for evaluating the
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VLV FC pretherapeutically and 1 year after stereotactic radiosurgical
thalamotomy (SRS-T). (B.B.1.) Pretherapeutic ET. (B.B.2.) One year after
SRS-T. (B.B.3.) Pretherapeutic e 1 year after SRS-T. (B.B.4.) One year after
SRS-T e pretherapeutic.

left versus the right VLV FC; 2) 2-sample t test for assessing HC
versus ET; and 3) paired t test for evaluating the FC between
pretherapeutic and 1 year after SRS-T. We ﬁrst applied an
uncorrected height threshold of P < 0.001 followed by a P < 0.05
family-wise correction (FWE)- or false discovery rateecorrected
cluster-size threshold. All the presented graphs (including
boxplots and scatter plots) were made with Stata (version 11,
StataCorp LLC, College Station, Texas, USA). The DWI analysis
and thalamus segmentation can be seen in Figure 1, 1.1. (1.1.1. and
1.1.2.; Supplementary Materials).

Automated 3T difussion MRI-Based VLV Segmentation
A short and simpliﬁed overview of DWI analysis and thalamus
segmentation can be seen in Figure 1, 1.1. (1.1.1. and 1.1.2.) and
within the Supplementary Materials.
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Figure 3. Illustration of differences of left ventral
lateral ventral (VLV) seed-to-voxel function
connectivity (FC) values for the statistically
significant clusters in (A) healthy controls (HC) e
pretherapeutic essential tremor (ET):
somatosensory cortex (A.1., left, cluster 1),
pedunculopontine nucleus (A.1., center, cluster
2), and Brodmann area 32 (A.1., right, cluster 3);
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FC within somatosensory area correlates with
baseline activities of daily living (ADL; A.2.) and
with ADL (A.3.); FC within pedunculopontine
nucleus correlates with baseline ADL (A.4.). (B)
Pretherapeutic ET e HC: right occipital
association cortex (B, cluster 1) and posterior
parietal regions (B, cluster 2); all boxplots display
the minimum, maximum, and median values.
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Lesion Location After Thalamotomy
The classical “ring-enhancing” MR signature,29 visualized 1 year
after SRS-T, was always located inside the left VLV36 cluster
(Figure 1, 1.2., 1.2.1., 1.2.2.).

Drug-naïve patients with ET, compared with HCs, revealed
increased left FC with left visual association cortex (BA19,
pFWE-cor ¼ 0.005) and left superior parietal regions (BA 7,
pFWE-cor ¼ 0.014).

Clinical Characteristics
Mean age was 70.1 years (range 49e82; 5 males, 12 females). Mean
duration of symptoms was 38 years (range 6e70 years). The mean
baseline ADL was 29.1 (standard deviation [SD] 12, range 13e49).
The mean decrease in points at 1 year after SRS-T was 23.06 (SD
11.9, range 2 to  45). The mean baseline tremor score on the
treated hand was 18.6 (SD 5.5, range 8e30). The mean decrease in
points at 1 year after SRS-T was 11.4 (SD 4.1, range 4 to 19).
The mean time to tremor improvement was 3.32 months (SD 2.7,
range 0.5e10 months).

VLV FC at 1 Year After SRS-T
A decrease from pretherapeutic positive FC to a median value close
to zero 1 year after SRS-T (Figure 2, B.1.eB.4.; Figure 4, A.1.eA.4.;
Table 1) was found for the following clusters: right insular and
orbitofrontal cortex (BA 47, pFWE-cor ¼ 0.000), right BA 40
(posterior parietal, supramarginal gyrus, pFWE-cor ¼ 0.002), left
BA 13 (anterior insula, pFWE-cor ¼ 0.000), and right BA 44 and 8
(inferior frontal gyrus and frontal-eye ﬁelds, pFWE-cor ¼ 0.002). In
contrast, an increase from pretherapeutic negative FC to a median
close to zero 1 year after SRS-T is reported for left VLV FC with right
supplementary motor area (puncor ¼ 0.015; Figure 4B and Table 1).

Radiologic Characteristics: Thalamotomy Volume
The 1 year thalamotomy MR signature volume has been drawn on
T1 (gadolinium-injected) MR 1 year after SRS-T, which is
considered the deﬁnitive radiologic answer in our experience.19 To
ensure the accuracy of volume calculation, each patient’s MRI at 1year follow-up was imported in the Leksell GammaPlan software
(Elekta AB) and coregistered with the therapeutic images. We
projected on the MR-signature the 90-Gy isodose line, which
corresponds to the ﬁnal radiologic response, in our previously
published experience.19,37 Manually, with the segmentation tools,
the draw was made for the individual cases. The “volume” module
inside the station was used to extract the values.
The mean 1 year thalamotomy MR signature volume after SRS-T
was 0.125 mL (SD 0.162, range 0.002e0.600 mL). There was no
correlation between decrease in ADL or head tremor improvement
and lesion volume (P > 0.05), but the former related with tremor
score on the treated hand drop (P ¼ 0.01). The FC values within
the relevant clusters showed no statistically signiﬁcant correlation
with lesion volume (P > 0.05).
RESULTS
We evaluated the impact of age, disease duration, or volume
lesion, and we report no statistically signiﬁcant correlation
(Spearman > 0.05) with FC values. Furthermore, no statistically
signiﬁcant differences in FC between left and right VLV nucleus
were found.
VLV FC in Pretherapeutic Drug-Naïve Patients with ET
Drug-naïve patients with ET, compared with HCs (Figure 2A, A.1.e
A.4., Figure 3A and B, and Table 1) showed decreased (median
negative value) FC between the left VLV and the following clusters:
left primary somatosensory area (inferior part, pFWE-cor ¼ 0.035),
pedunculopontine nucleus (pFWE-cor ¼ 0.003), and dorsal anterior
cingulate cortex (Brodmann area [BA] 32, pFWE-cor ¼ 0.000;
Figure 3, A.1.; Table 1). Furthermore, a decreased pretherapeutic FC
with the primary somatosensory cortex (Spearman ¼ 0.04;
Figure 3, A.2.; Table 1) and pedunculopontine nucleus
(Spearman ¼ 0.01; Figure 3, A.4.) correlated with baseline ADL. A
decrease in points of ADL 1 year after SRS-T correlated with an increase in FC between left VLV and primary somatosensory cortex
(Spearman ¼ 0.01, Figure 3, A.3.; Table 1).
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DISCUSSION
In the present study, we evaluated the tremor network using a
seed-to-voxel approach on resting-state fMRI data, as functional
imaging had been widely used as an alternative for evaluating
segregated brain processes.38-40 We focus on FC of the most
commonly used surgical target for tremor, the ventrolateral motor
thalamus. With regard to HCs versus pretherapeutic ET FC, we
report as statistically signiﬁcant: primary somatosensory, visual
association, and anterior cingulate cortex, as well as pedunculopontine nucleus. The longitudinal changes 1 year after SRS-T
relate to dorsal attention (frontal eye-ﬁelds and parts of the dorsal premotor cortex and posterior parietal areas41,42) and salience (i.e.,
insula) networks. Additional FC changes are present within several
distinct clusters: language-related areas (BA 47), meaning and
phonology (BA 40), or selective response suppression in go/no-go
tasks and hand movements areas (all for BA 44).
With regard to differences between HCs and patients with ET,
previous resting-state fMRI studies have provided noteworthy
ﬁndings. Buijink et al.22 used motor-task fMRI and electromyography
and reported FC decrease in patients with ET between cortical and
cerebellar motor regions. Gallea et al.43 analyzed resting-state fMRI
data and reported FC alterations in supplementary motor areas,
which were considered consequence of a cerebellar defect and acting
to attempt to reduce tremor in motor output by reducing communications with M1 hand areas. More recently, Fang et al.23 used also a
region-of-interest approach and evaluated time-courses of Vim. The
authors reported FC increase between the Vim and M1 area, as well as
a decrease with the cerebellum. Additional resting-state fMRI studies
used other data-driven approaches.21,30
We report multiple network alterations of left VLV pretherapeutic FC in patients with ET. At the cortical level, some of the
representative regions have already been reported by previous
studies. This includes the primary somatosensory/somatomotor
cortex,44 which is responsible for integration of somatic sensation,
visual stimuli, and movement planning,45 or BA 32, involved in
“Stroop” task.46 We further report newly discovered FC
alterations of the left VLV with left posterior parietal BA 7 and
left visual association cortex BA 19. The BA 7 is involved in
locating objects in the space and represents a point of
convergence between vision and proprioception; its presence
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Table 1. Overview of the Main Left VLV FC Results
Set-Level
P

Cluster-Level

Peak-Level

MNI, Anatomical Area

pFWE-cor

pFDR-cor

kc

puncor

pFWE-cor

pFDR-cor

T/P

ZE

puncor

puncor

0.035

0.007

205

0.002

0.019

0.030

7.19

5.16

0.000

e28 e26 20, L sensory-mot

HCeET patients
0.000

0.003

0.001

332

0.000

0.187

0.109

5.93

4.57

0.000

0 e36 e36, peduncle-pontine

0.000

0.000

648

0.000

0.250

0.113

5.76

4.48

0.000

e8 20 24, L BA 32

0.005

0.008

314

0.000

0.676

0.566

5.04

4.10

0.000

e34 e78 12, L BA 19

0.014

0.012

254

0.001

0.820

0.566

4.82

3.97

0.000

e20 e46 70, L BA 7

ET patientseHC
0.000

Pretherapeutice1 year after SRS-T (ET patients)
0.000

0.000

0.000

1099

0.000

0.217

0.783

7.23

4.68

0.000

42 24 e8, R BA 47

0.002

0.001

298

0.000

0.341

0.783

6.80

4.53

0.000

56 e38 24, R BA 40

0.000

0.000

660

0.000

0.571

0.783

6.25

4.32

0.000

e34 18 0, L BA 13

0.002

0.001

289

0.000

0.952

0.784

5.29

3.92

0.000

48 16 34, R BA 44 and 8

0.015

0.883

0.583

5.55

4.03

0.000

22 24 22, R SMA

1 year after SRS-Tepretherapeutic (ET patients)
0.308

0.105

85

VLV, ventral lateral ventral; FC, functional connectivity; FWE, family-wise correction; cor, corrected; FDR, false discovery rate; uncor, uncorrected P value; T/P, height threshold; ZE, Z scored; MNI,
Montreal Neurological Institute; HC, healthy control; ET, essential tremor; L, left; BA, Brodmann area; SRS-T, stereotactic radiosurgical thalamotomy; R, right; SMA, supplementary motor area.

suggests a functional alteration of sensorial networks in patients
with ET. The left BA 19 presence is somewhat surprising, most
probably by polysynaptic connections, and would expresses
currently underestimated alterations of visual networks in
patients ET.
We also report altered FC of the pedunculopontine nucleus,
which is responsible for modulation of gait (initiation, maintenance, modulation, and other stereotyped motor behaviors). The
pedunculopontine nucleus has been classically explored in DBS
for patients with Parkinson disease with axial symptoms less
responsive to subthalamic nucleus stimulation and is considered
highly interconnected with the pallido-thalamo-cortical circuit.47
In the context of patients with ET, alterations in FC between
this structure and the motor thalamus are most probably related
to other neurologic features, already acknowledged, mainly
deﬁcits on both balance (the ability to maintain the body within
its base of support) and gait.48 An additional argument in favor
of this statement is the found correlation between
pretherapeutic ADL and FC with this structure, being know that
ADL is global score including also aspects related to gate and
posture.
An added value of this report is the display of longitudinal
changes in FC 1 year after SRS-T. For dorsal attention and salience
network, FC exhibited a decrease from positive median values to
ones close to zero after SRS-T. This would support the fact that
pretherapeutic global increase in FC described by other authors in
these networks30 is an adaptive change during ET disease course.
Thalamotomy done by RS is generating a progressive functional
reorganization of these systems, with further decrease of an
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originally probably adaptive and compensatory hyperactivity
thought to balance tremor appearance and disease progression.
The same type of changes described in the previous 2 networks
is applicable to the left VLV FC with anterior insula, which is
involved in salience and warrants further attention. It is well
acknowledged that the insula is the bottom-up detection of salient
events, allowing switching between other large-scale networks to
facilitate access to attention and working memory resources when
a salient event is detected. Moreover and of high relevance, the
anterior insula has a strong additional functional coupling with
anterior cingulate cortex, facilitating rapid access to the motor
system.49 It would so act as an integral hub in the generation of
appropriate behavioral responses to salient stimuli.49 Sridharan
et al.50 revealed that the right anterior insula plays a critical and
causal role in interchanging between 2 other major networks
(central attention and default-mode network), known to demonstrate competitive interactions during cognitive information processing. Across stimulus modalities, this structure would play a
critical and causal role in activating the central attention and
deactivating the default-mode network.50 These entire features
would give the insula a balance capacity between salience and
motor networks.
We also report FC changes with the right supplementary motor
area, which has multiple roles, including postural stability during
stance or walking, bimanual coordination, or the initiation of
internally generated as opposed to stimulus driven movement.51
Only 2 previous resting-state fMRI studies, not related to
RS,52,53 evaluated the effect of HIFU thermocoagulation on brain
networks up to 3 months after the procedure. A major difference is
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Figure 4. Illustration of differences of left ventral
lateral ventral (VLV) seed-to-voxel functional
connectivity (FC) values for the statistically
significant clusters in (A) pretherapeutic e 1 year
after stereotactic radiosurgical thalamotomy
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(SRS-T): right insular and orbito-frontal (A.1.),
posterior parietal cortex (A.2.), left anterior insular
cortex (A.3.), right inferior frontal gyrus, and
frontal-eye fields (A.4.). (B) 1 year after SRS-T e
pretherapeutic: right supplementary motor area.
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that HIFU, unlike RS, produces an apparent lesion and clinical
effect immediately. The delayed effect of RS could account for
brain networks reorganization and allow for plasticity.
It is currently considered that a dense network of axonal pathways interconnects structurally segregated and functionally
specialized speciﬁc brain regions.54 It has been advocated that
structural connectivity patterns and functional interactions
between different regions of cortex are meaningfully
correlated.54 Furthermore, strong FC commonly observed
between regions with no direct structural connection.55 FC
changes might be also due to tissue disruption, with further
involvement of the speciﬁc white matter tracts, eventually
affected by Vim SRS-T. For instance, in patients with ET treated
with HIFU, diffusion tensor imaging revealed changes over time
not only at the thermocoagulation site, but also in distant areas of
the brain. After corrections for multiple comparisons, only remote
diffusion tensor imaging changes were correlated with the clinical
improvement.56 Functional studies using ﬂuorodeoxyglucosee
positron emission tomography also conﬁrmed remote effects
after Vim DBS in ET. These effects involved the cerebellum, in
patients with posttherapeutic ataxia, suggesting thus possible
clinical effects.57
We have recently reported tremor recovery as related to distant
sites changes after SRS-T using resting-state fMRI and wholebrain analysis without prior assumption (i.e., independent
component analysis58,59). We reported 2 networks that presented
statistically signiﬁcant interconnectivity with visual clusters: one
included the bilateral motor network, frontal eye-ﬁelds, and left
cerebellum lobule VI, of which interconnectivity strength with
right visual BA 19 related to tremor arrest after SRS-T; the second
included reminiscent of the salience network, which showed
altered interconnectivity strength with right fusiform gyrus and
V5.60
Our study design has several potential limitations, although we
have taken many precautions. One, related to study design, is the
use of resting-state data, which might not be directly related to
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SUPPLEMENTARY MATERIALS

AUTOMATED 3T DIFUSSION MRI-BASED VENTROLATERAL VENTRAL
(VLV) SEGMENTATION

In the ﬁeld of an automated thalamic parcellation, several research
groups have explored diffusion-weighted imaging information,
although mainly by using coarse diffusion features.1-5 Addressing
this limitation, recently our group has proposed an approach
based on spherical harmonics representation of the orientation
distribution functions,6 which provides ﬁner details of the
diffusion process within a voxel. With this approach, we
subdivide the thalamus, in a robust and reproducible manner,
into 7 groups of nuclei closely matching the anatomy by the
Morel’s atlas.7 Among those 7 groups is the VLV thalamic part,
which encompasses in its vast surface majority the
ventrointermediate nucleus and therefore is used as a region or
interest in the presented study.
The thalamic mask, required for the parcellation, was ﬁrst obtained from FreeSurfer (Massachusetts General Hospital, Boston,
Massachusetts, USA), cortical and subcortical subdivision8
performed on each individual T1-weighted image and then,
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