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ABSTRACT: Background: Magnetic
resonance–guided focused ultrasound of the ventral
intermediate nucleus is a novel incisionless ablative
treatment for essential tremor (ET).
Objective: The aim was to study the structural and
functional network changes induced by unilateral son-
ication of the ventral intermediate nucleus in ET.
Methods: Fifteen essential tremor patients
(66.2 � 15.4 years) underwent probabilistic tractography
and functional magnetic resonance imaging (MRI) during
unilateral postural tremor-eliciting tasks using 3-T MRI

before, 1 month (N = 15), and 6 months (N = 10) post
unilateral sonication.
Results: Tractography identified tract-specific alter-
ations within the dentato-thalamo-cortical tract
(DTCT) affected by the unilateral lesion after sonica-
tion. Relative to the treated hand, task-evoked activa-
tion was significantly reduced in contralateral primary
sensorimotor cortex and ipsilateral cerebellar lobules
IV/V and VI, and vermis. Dynamic causal modeling
revealed a significant decrease in excitatory drive from
the cerebellum to the contralateral sensorimotor
cortex.
Conclusions: Thalamic lesions induced by sonication
induce specific functional network changes within the
DTCT, notably reducing excitatory input to ipsilateral
sensorimotor cortex in ET. ©[2022] International
Parkinson and Movement Disorder Society. © 2022
The Authors. Movement Disorders published by Wiley
Periodicals LLC on behalf of International Parkinson
and Movement Disorder Society
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Essential tremor (ET) manifests as a postural and/or
kinetic limb tremor that can be medically refractory and
require stereotactic treatment.1,2 The thalamic ventral inter-
mediate nucleus (VIM) is an established target for different
stereotactic procedures in ET, including deep brain stimula-
tion (DBS) and, more recently, magnetic resonance–guided
focused ultrasound (MRgFUS). MRgFUS utilizes ultrasonic
waves for incisionless high-precision ablation of brain tar-
get sites.3-5 Clinical improvement after VIM MRgFUS
treatment has been validated meta-analytically,6 and stud-
ies have shown long-term tremor suppression and quality-
of-life improvements similar to DBS.7-10

ET is considered to result from neuronal oscilla-
tions,11-13 and the “oscillating network hypothesis”13
postulates oscillatory activity within the cerebello-tha-
lamo-cortical circuits (CTCC).14 Within this network,
the VIM constitutes a “cerebellar receiving area”
projecting its output toward the ipsilateral primary
motor cortex (M1)15-17 via the dentato-thalamo-
cortical tract (DTCT).18-20

To unravel network changes induced by unilateral
VIM MRgFUS treatment, we performed a longitudinal
magnetic resonance imaging (MRI) study in 15 ET
patients: functional magnetic resonance imaging (fMRI)
was performed before, 1 month (N = 15), and 6 months
(N = 10) post unilateral VIM MRgFUS treatment to
examine (1) blood-oxygenation-level-dependent signal
changes during unilateral forearm elevations and
(2) modeling-directed network properties within the
CTCC. Diffusion tensor imaging (DTI) and probabilis-
tic tractography were applied to delineate the DTCT,
and whole-brain voxel-based analyses of fractional
anisotropy (FA) was used to visualize associated micro-
structural changes.

Patients and Methods
Patients

For details on study registry and ethics, see Supple-
mentary Data.
Patients aged ≥18 years diagnosed with definite

medication-refractory ET2 were included. Patients with
marked head tremor and/or other movement disorders
were excluded. Patients’ demographics, including age,
handedness, duration of tremor, alcohol sensitivity,
family history, and medication history, were recorded.
On each of the four MRI examination days (or the day
before), tremor was rated using the Fahn–Tolosa–
Marin Clinical Rating Scale for tremor (FTM)21,22 (see
Supplementary Data).

Stereotactic Intervention
MRgFUS of contralateral VIM was performed for the

treatment of 14 right-handed patients and 1 left-handed
patient (for details, see Supplementary Data).

Statistical Analyses of Clinical Data
Clinical data were analyzed using SPSS 28 (SPSS Inc.,

Chicago, IL). Normal distribution was verified using
Shapiro–Wilk test. Most, but not all, data were nor-
mally distributed. Simulation studies have shown that
paired t tests and the repeated measures analyses of var-
iance (ANOVAs) are relatively robust to normal distri-
bution assumption violations,23 especially if no further
assumption is violated.24 Therefore, data were
processed using parametric tests. For the FTM, two
ANOVAs were calculated: (1) 2 (time: before/1-month
post MRgFUS) � 2 (side: treated/untreated) and (2) 2
(time: before/6-month post-MRgFUS) � 2 (side:
treated/untreated). Post hoc, paired t tests were per-
formed. P-values <0.05 were regarded as statistically
significant. Effect sizes are reported as partial eta
squared (ηp2) for ANOVAs and Cohens’ d for post hoc
tests. Data are presented as mean � standard deviation.

MRI Procedures
MRI Acquisition

T1-weighted images, task fMRI, and DTI were per-
formed on a 3T-MRI System (Philips Healthcare, Best,
the Netherlands) equipped with an eight-channel
head coil.

FMRI Task

Task-fMRI examinations were performed 1 or 2 days
before and subsequently 3 days, 1 month, and
6 months post MRgFUS. Here we report only the 1-
and 6-month data, when local edema had faded25 and
clinical effects were robust. Postural tremor was elicited
by forearm elevations followed by resting phases
(Fig. APPENDIX S1; see Supplementary Data).

MRI Analyses

Details of the methods of MRI acquisition and fMRI-,
dynamic causal model (DCM)- and DTI analyses are
provided in the Supplementary Data.

Results
Clinical

Patients

Of 21 included patients, N = 4 were excluded due to
imaging artifacts, N = 1 due to false DTI acquisition,
and N = 1 due to missing data, resulting in a final sam-
ple size of N = 15 for 1-month post follow-up. At 6-
month follow-up, N = 5 patients dropped out, N = 2
lost interest, N = 2 dropped out due to COVID pan-
demic restrictions, and N = 1 dropped out after receiv-
ing a metal implant.
Patient demographics were as follows: males/females:

12/3; lesion left/right: 14/1; mean age: 66.2 � 15.4 years;
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mean skull density ratio: 0.45 � 0.1; disease duration:
31.7 � 11.0 years; age of onset: 34.5 � 16.5 years; fam-
ily history: positive in 80.0%. For detailed demographi-
cal and clinical information, see Table APPENDIX S1.

Side Effects

The side effects of the MRgFUS treatment within the
follow-up period of 6 months included involuntary
movements, taste disturbance, dysmetria, subjective
unsteadiness, objective ataxia, and paresthesia
(Table S2).

Fahn–Tolosa–Marin Clinical Rating Scale for
Tremor

Clinical Change in Tremor (AB Score) at 1-Month
Follow-Up. The results of the ANOVA in 15 ET
patients revealed a significant main effect of time (F (1,
14) = 48.3; P < 0.001; ηp2 = 0.775), a significant main
effect of side (F (1, 14) = 71.3; P < 0.001;
ηp2 = 0.836), and a significant time-by-side interaction
(F (1, 14) = 142.9; P < 0.001; ηp2 = 0.911).
Post hoc tests: as shown in Figure S2, subscore AB for

the treated upper extremity showed a significant decrease
from before to 1-month post MRgFUS (by 78.7 � 11.5%;
(t (14) = 11.1; P < 0.001; d = 2.87). For the untreated
side no significant change (increase by 5.8 � 28.5%) was
detected (t (14) = �0.55; P = 0.589; d = �0.14). Com-
parison between both sides showed that the decrease in
the treated side was significantly larger (t (14) = 11.96;
P < 0.001; d = 3.09).

Clinical Change in Tremor (AB Score) at 6-Month
Follow-Up. Findings were similar to 1-month data,
indicating a stable clinical effect. The results of the
ANOVA for AB score after 6 months and paired
t tests for total FTM score and subscores A, B
(treated and untreated), and C are reported in Supple-
mentary Data. Individual tremor scores are presented
in Table S3.

Imaging Findings

Task-fMRI Data

Analysis of task-fMRI data for treated and untreated
side before, 1-month, and 6-month post MRgFUS rev-
ealed typical activation clusters during tremor-eliciting
arm elevations (Fig. S3; Tables S4 and S5).
ANOVA for analysis before versus 1-month post

MRgFUS revealed a significant main effect of time and
side but no significant time-by-side interaction
(Fig. S4A,B). A significant reduction in activation from
before to 1-month post MRgFUS was exclusively found
for the treated hand in contralateral M1, contralateral
primary sensory cortex and the lobules IV/V and VI,
and vermis of the ipsilateral cerebellum (P < 0.001,

corrected for family-wise error [FWE] with cluster
threshold k = 105; Fig. 1A; Table S6). In addition, ß-
weights extracted from two regions of interest (ROIs),
M1-ROI and cerebellum ROI, decreased from before to
1-month post MRgFUS for the treated arm (Fig. 1C)
but not for the untreated arm. An increase in activation
was found before to 1-month post MRgFUS in poste-
rior cingulate cortex/precuneus and angular/parietal
inferior gyrus (P < 0.001, corrected for FWE with clus-
ter threshold k = 61; Fig. S5).
The results were replicated in the 2 � 2 ANOVA for

timepoints before versus 6-month post MRgFUS
(Fig. 1B,D; Figures S6 and S7; Table S7). In addition, a
significant time-by-side interaction was found in bilat-
eral precuneus and bilateral cingulate gyrus (Fig. S6C).
Finally, subgroup analysis (N = 10), including all

three timepoints (2 � 3 ANOVA), further supported
results from both 2 � 2 ANOVAs (Fig. S8).

Dynamic Causal Modeling Data

MRgFUS led to substantial changes in long-range
connections between M1 and the cerebellum (Fig. S9C,
D). Excitatory connections from the cerebellum to M1
were reduced at 1- and 6-month post MRgFUS, and
excitatory connections from M1 to the cerebellum were
increased at 1-month post MRgFUS (compared to pre
MRgFUS). All group contrasts had posterior probabili-
ties >95%, indicating a strong effect.

Fiber Tract and Microstructural Integrity Data

Probabilistic tractography showed the lesion to affect
the DTCT on its route to the contralateral M1
handknob area (Fig. 2A,B), where a significant reduc-
tion in task-fMRI activation was found. DTCT stream-
line counts were reduced at 1-month post MRgFUS
(Fig. 2C) in N = 13 subjects (t (12) = �3.82, P2�-

tailed = 0.002) and at 6-month post MRgFUS (Fig. 2D)
in N = 9 subjects (t (8) = �2.48, P2�tailed = 0.038)
amenable to streamline analyses (Table S8).
Local FA reduction within the DTCT is shown in

Figure S10. A voxel-wise whole-brain level within
subject-repeated measures ANOVA identified FA
changes within the thalamus near the lesion (k = 25).
Post hoc comparisons revealed that FA changes were
significant only at 1-month post MRgFUS. For individ-
ual FA values before, 1-month and 6-month post
MRgFUS, see Table S8.

Discussion

To the best of our knowledge, this is the first study in
ET investigating structural and functional effects within
the CTCC after unilateral VIM MRgFUS. The lesion
was located within the DTCT. Streamline counts in the
DTCT were significantly reduced, indicating disruption
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of fiber connectivity. Reductions in FA were found
within the tract (adjacent to the lesion) at 1-month post
MRgFUS, indicating local tract-specific disruption of
fiber microstructural integrity. Activation decreases
were observed in contralateral primary sensorimotor
cortex, ipsilateral cerebellar lobules IV/V and VI, and
vermis (IV/V and VI). DCM analyses in the tremor net-
work (informed by Buijink and colleagues26) found
sustained reductions in excitatory drive from ipsilateral
cerebellum to contralateral M1 at both timepoints.
Findings indicate long-range effects in the tremor net-

work extending beyond the local VIM target that con-
verge in the precentral gyrus and are in line with in vivo
tractography data in ET patients, showing M1 as termi-
nal thalamo-cortical projection of the DTCT.18-20 The
thalamo-cortical projections from the VIM nucleus to
M1 are glutamatergic,27,28 and similarly, DCM analyses
found reductions in excitatory drive from the cerebellum
to M1. Moreover, significant reductions in task-evoked

activity were found post-MRgFUS in ipsilateral sensori-
motor cerebellum. Given that the VIM is innervated by
excitatory glutamatergic projections from the dentate
nucleus,28-30 findings hint at normalization of pathologi-
cal network overactivity. DCM analysis also informed
about increased excitatory input from M1 to cerebellar
lobules V and VIII at 1 month post-MRgFUS. This is an
interesting observation, as activation increases were also
reported during rest in cerebellar lobule V after DBS of
the zona incerta.31

In summary, functional changes post-MRgFUS were
identified in contralateral M1, along with micro- and
macrostructural alterations within the affected DTCT.
Based on these data, we propose a network model in
which altered fiber connections from the cerebellum to
M1 following VIM MRgFUS reduce excitatory drive
from the cerebellum to M1. Remote changes in cerebel-
lar activity hint at a normalization of previously aber-
rant activity within the CTCC.

FIG. 1. fMRI group analysis: reduced activation of contralateral sensorimotor cortex and ipsilateral cerebellum (left); visualization of ß-weights extracted
from M1-ROI and cerebellum-ROI (right); (A) contrast pre MRgFUS versus 1-month post MRgFUS; N = 15; (B) contrast pre MRgFUS versus 6-month
post MRgFUS; N = 10; (C) ß-weights pre MRgFUS versus 1-month post MRgFUS; N = 15; (D) ß-weights pre MRgFUS versus 6-month post MRgFUS;
N = 10. Abbreviations: CB, cerebellum; CB IV/CB V, cerebellar lobules IV and V; M1, primary motor cortex; ROI, region of interest, S1, primary sensory
cortex; fMRI, functional magnetic resonance imaging; MRgFUS, magnetic resonance–guided focused ultrasound. [Color figure can be viewed at
wileyonlinelibrary.com]
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As limitations, we acknowledge that DCM is a model-
based procedure based on certain assumptions and that
in our study the estimation of the model relies on mea-
sures of blood flow changes instead of direct neural
recordings. Further studies applying neuromodulative
procedures might be used to confirm our assumptions
and to draw causal interferences on cerebello-cerebral
circuit function. Furthermore, we acknowledge the small
sample size, N = 10 patients, at 6 months for functional
analyses. It would be advantageous to conduct further
longitudinal multimodal imaging studies in larger ET
cohorts after MRgFUS to gain further insights into the
functional and structural effects of MRgFUS.
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