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A B S T R A C T   

Background: Transcranial ultrasound stimulation (TUS) is a non-invasive brain stimulation technique; when skull 
aberrations are compensated for, this technique allows, with millimetric accuracy, circumvention of the invasive 
surgical procedure associated with deep brain stimulation (DBS) and the limited spatial specificity of transcranial 
magnetic stimulation. 
Objective: /hypothesis: We hypothesize that MR-guided low-power TUS can induce a sustained decrease of tremor 
power in patients suffering from medically refractive essential tremor. 
Methods: The dominant hand only was targeted, and two anatomical sites were sonicated in this exploratory 
study: the ventral intermediate nucleus of the thalamus (VIM) and the dentato-rubro-thalamic tract (DRT). Pa
tients (N = 9) were equipped with MR-compatible accelerometers attached to their hands to monitor their tremor 
in real-time during TUS. 
Results: VIM neurostimulations followed by a low-duty cycle (5 %) DRT stimulation induced a substantial 
decrease in the tremor power in four patients, with a minimum of 89.9 % reduction when compared with the 
baseline power a few minutes after the DRT stimulation. The only patient stimulated in the VIM only and with a 
low duty cycle (5 %) also experienced a sustained reduction of the tremor (up to 93.4 %). Four patients (N = 4) 
did not respond. The temperature at target was 37.2 ± 1.4 ◦C compared to 36.8 ± 1.4 ◦C for a 3 cm away control 
point. 
Conclusions: MR-guided low power TUS can induce a substantial and sustained decrease of tremor power. Follow- 
up studies need to be conducted to reproduce the effect and better to understand the variability of the response 
amongst patients. MR thermometry during neurostimulations showed no significant thermal rise, supporting a 
mechanical effect.   

☆ Parts of the results have been presented at:- 23rd international symposium on therapeutic ultrasound, Lyon, France, April 2023 (First in man deep brain ul
trasound stimulation for Essential Tremor)- 4th Focused Ultrasound Neuromodulation Conference, Stanford, California, July 2023 (Exploring the Feasibility of Deep 
Brain Ultrasound Stimulation for Essential Tremor: Results from a First-in-Human Study). 
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1. Introduction 

Essential tremor (ET) is one of the most prevalent neurological dis
eases [1]. It is characterized by bilateral upper-limb action tremor for at 
least 3 years [2]. For essential tremor that is refractory to pharmaco
therapy, neurosurgical treatments are proposed [3], such as deep-brain 
stimulation (DBS) [4] and ablative therapy [5]. 

DBS is the gold standard physical treatment for the treatment of 
various movement disorders such as Parkinson disease [6], essential 
tremor (ET) [4,7] and dystonia [8]. In Essential tremor, the ventral in
termediate nucleus of the thalamus (VIM) is the main target used for 
chronic neuromodulation in DBS [9]. Some authors have also proposed 
the direct neuromodulation of VIM afferences coming from the cere
bellum and the dentato-rubro-thalamic tract (DRT) [10]. 

Transcranial Magnetic Stimulation (TMS) is a non-invasive neuro
modulation technology [11] that has been used to achieve cer
ebellocortical inhibition [12] or pre-supplementary motor area 
stimulation [13,14] for essential tremor. Nevertheless, the wavelength 
of the TMS pulses is larger than the dimension of the human head, which 
precludes direct targeting of deep-seated targets like the VIM and the 
DRT [15]. 

Transcranial ultrasound stimulation (TUS) [16] holds promise for 
neurosurgical treatment of movement disorders such as ET. Ultrasound 
is non-invasive [17,18] and has millimetric accuracy [19,20] when 
administered with aberration correcting devices such as multi-element 
arrays [21,22] or acoustic lenses [19], giving it the potential to probe 
the therapeutic neurosurgical target used for DBS or lesional therapy. 

Ultrasonic neuromodulation was first reported in the 50’s by Fry 
et al. in cats [23] and confirmed by other groups in mice [24–30], rats 
[31–37][], lagomorphs [38], sheep [39], porcine [40], non-human 
primates [41–46] and humans [47–50]. Although the mechanism of 
action of TUS remains incompletely understood, several hypotheses 
have been proposed [16], including intra-membrane cavitation [51] and 
radiation force induced activation of mechano-sensitive ion channels 
[52]. Different ultrasound parameters have been reported to induce 
inhibition [27,53] or activation [38,54]. Biophysical models have been 
proposed to describe the underlying interaction of ultrasound with the 
neural network, with a vast majority of models highlighting the impact 
of mechanical effects [55–58], even though thermally-induced inhibi
tion with low intensity focused ultrasound was reported recently [59]. 
Analogy can be made with DBS, where simulation of external electric 
fields produced by DBS were used to assess excitation or inhibition [60], 
and where several hypotheses have been proposed as a possible mech
anism of action [61,62], including the potential role of a local thermal 
rise [63]. Although the mechanism of action of DBS is not fully under
stood [61], its efficacy in the treatment of care of ET patients has been 
demonstrated, whereas the capacity of ultrasound to impact the action 
tremor in patients, even minimally, remains to be demonstrated. 

We present here an exploratory clinical study that evaluates the 

physiological and clinical effects induced by TUS exposures on the VIM 
and the DRT on nine (N = 9) essential tremor patients. Different ultra
sound stimulation parameters were investigated. 

2. Methods 

2.1. Standard protocol approvals, registrations, and patient consents 

All patients were enrolled in the ULTRABRAIN Study (clinicaltrial. 
gov number: NCT04074031 [64]) approved by CPP Ethical Committee 
(N◦ IDRCB: 2019-A01791-56). They all gave written informed consent 
to participate in this study. The patients were scheduled for thalamot
omy the same day, immediately after the exploratory neurostimulation 
study. They were thus prepared for thalamotomy in the neurosurgery 
department before neurostimulation: they were shaved and equipped 
with a stereotaxic frame. 

2.2. Motor evaluations 

Tremor was evaluated at baseline using the clinical rating scale for 
tremor (CRST A-B, range 0–144) developed by Fahn, Tolosa, and Marin 
[65]. CRST quantifies tremor at rest and upon action of the different 
body parts, and the kinetic tremor of the upper limbs during writing, 
drawing, and water pouring. 

Tremor severity was evaluated using 3D MR-compatible acceler
ometers taped on the back of both hands during a standard tremoric 
posture [66]. 

Accelerometry data were used to extract the tremor power (in AU) in 
the 2–20 Hz band [67,68]. More details about the methodology are 
available in the Supplementary information. 

2.3. Anatomical targeting 

For targeting, anatomical T1-weighted MP2RAGE sequences and 
diffusion tensor imaging fiber tracking (DTI-FT) were acquired during 
the inclusion visit on a Siemens Prisma 3 T using a 64-channel head coil 
for each patient. MP2RAGE imaging parameters were: TE = 2.03 ms, TR 
= 5000 ms, flip angles = 4◦/5◦, TIs = 700 ms/2500 ms, slice thickness =
1 mm with an isotropic voxel size. Diffusion imaging parameters were: 
TE = 89.2 ms, TR = 3230 ms, flip angle = 78◦, EPI factor = 128, bmax =

3000 s mm− 2, number of directions = 98, slice thickness of 1.5 mm with 
an isotropic voxel size. 

The location of the VIM target was determined by the neurosurgeon 
using the Guiot atlas [69], by determining the position of the anterior 
commissure (AC), posterior commissure (PC) and the midline on the 
T1-weithted images. The DRT target was determined following the 
methodology described previously [70]. This target was defined as the 
barycenter of the DRT in the AC-PC intercommissural plane. The posi
tion of the two targets is shown in Fig. 2d. 

Abbreviations 

TUS transcranial ultrasound stimulation 
VIM ventral intermediate nucleus 
DRT dentato-rubro-thalamic 
MR magnetic resonance 
DBS deep brain stimulation 
TMS transcranial magnetic stimulation 
ET essential tremor 
OCD obsessive-compulsive disorders 
VEP visually evoked potential 
fMRI functional magnetic resonance imaging 
CRST clinical rating scale for tremor 

MP2RAGE magnetization prepared 2 rapid acquisition gradient 
echoes 

DTI-FT diffusion tensor imaging fiber tracking 
AC anterior commissure 
PC posterior commissure 
WS workstation 
FE front-end 
PRF pulse repetition frequency 
Isppa spatial-peak pulse average intensity 
MRgFUS magnetic resonance-guided focused ultrasound 
SEP sensory evoked potentials 
ACC anterior cingulate cortex 
MEP motor evoked potentials  
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2.4. Neuromodulation protocol 

We used the Insightec Exablate Neuro device [72,73] to apply 
low-power sonication. The system includes a 15 cm radius hemispheri
cal 1024 element array operated at 650 kHz. For the installation of the 
patient and the positioning of the ultrasonic transducer, we followed the 
Insightec procedure [74]. Briefly, after the patient was installed on the 
scanner bed, the transducer was filled with water. First, a T1-weighted 
anatomical brain image was acquired to locate AC, PC and the 
midline. Based on the Guiot atlas previously described [69], the VIM 
position in the AC-PC frame was marked on the Insightec WorkStation 
(WS) software. The probe was then mechanically positioned so that its 
geometrical center coincided with the VIM. To correct slight mechanical 
errors, a few alignment sonications were performed to place the focal 
spot electronically on the VIM. Two to five alignment sonications were 
necessary to align the focused beam with the target precisely. 

After the alignment procedure, patients received non-thermal, low- 
power sonications, targeting either the VIM, or the DRT, with four 
different sonication patterns, and with each pulse lasting less than 30 ms 
(see Table 1). The dominant hand only was targeted. The pulsing pat
terns were applied in a blind order for both the patient and the 
neurologist. All sonications were performed using the Insightec aber
ration correction for transcranial focusing [75]. The timing of the son
ications was recorded using the trigger of the Insightec front-end (FE) 
unit. The timeline (patient posture and release) was timestamped by the 
neurologist by pressing a dedicated button inside the MR-room as shown 
in Fig. 1. After each sonication the neurologist assessed the tremor. In 
some cases, the effect was weak and inconspicuous, so that the following 
sonication could be performed rapidly. However, in instances where the 
tremor significantly decreased, the next sonication was delivered upon 
the re-occurrence of the tremor. In the case of sustained tremor decrease, 
the neuromodulation protocol was suspended, and the thermal ablation 
procedure to treat the ET with high intensity focused ultrasound was 
performed on the VIM as previously described in the literature [5,73, 
76–78]. The ablation procedure was performed on all patients, even the 

ones who did not exhibit a sustained tremor decrease at the end of the 
neuromodulation session. The overall workflow (low intensity investi
gational study followed by the CE approved thermal treatment) was 
carefully explained to the patients. The neurosurgeon systematically 
warned the neurologist and the patient before switching to the treatment 
as high power ultrasound were expected to induce transient but un
comfortable side effects (nausea, vertigo, scalp tingling, … [5]). 

2.5. TUS parameters 

All stimulation patterns lasted 35s and were composed of three 5s 
bursts followed by a 10s off period, except for Mode 4 which consisted of 
a series of 9 spots distributed on a 0.75 mm × 0.75 mm grid around the 
initial target, in the transverse plane with a total duration of 54s. Only 
the duration and the pulse repetition frequency (PRF) of the bursts 
varied between the different patterns. The sonication patterns were 
derived from published works [38,79] and are summarized in Table 1. 
Mode 1 and 2 correspond to two different ways to achieve a high duty 
cycle (one-third of the time) with either a long duration and a low pulse 
repetition frequency (mode 1) or a short duration and a high pulse 
repetition frequency (mode 2). Mode 3 and 4 correspond to a low duty 
cycle (5 %), either on one target point only or on a grid of 9 points 
including the central target and 8 neighbors within a 1.5 mm square. 
The exact order of the successive stimulations was not imposed in our 
exploratory protocol. Our goal was to investigate whether TUS could 
decrease the tremor in a DBS-like manner. As the gold standard in ET is 
VIM DBS, it was decided to use preferentially the following order: 1) 
stimulate the VIM with the first three sonication modes, starting with the 
high duty cycle modes 2) move to the DRT and test the last sonication 
used in the VIM to change one parameter only (the target) 3) use the 
multi-targeted mode 4 to cover a larger stimulation zone. 

The Exablate Neuro device used here included dedicated pulse se
quences implemented specifically for this study. Such sequences are 
currently not available in the CE-approved Exablate Neuro system. 

The electrical power applied to the ultrasonic transducer was 

Fig. 1. Diagram of the neuromodulation apparatus during the procedure. 1. The neurologist asks the patient to hold a posture before the sonication starts. 2. The 
patient inside the MR tunnel follows the neurologist’s instructions. 3. When the posture is held, the neurologist presses a push button to record when the patient has 
started to hold it. 4. Accelerometers’ data, timestamps from the posture/release tasks and Insightec’s triggers are recorded using customized Matlab software inside 
the MR control room. (a) Neuromodulation pattern. All neuromodulation sonications consisted of three 5s bursts followed by a 10s period OFF. The burst char
acteristics changed depending on the neuromodulation sequences. (b) Spectrogram during TUS. The red vertical bars highlight the beginning and the end of the 
sonication. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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adjusted to produce an acoustic pressure of ~0.8 MPa at the target inside 
the brain, corresponding to a spatial-peak pulse average intensity (Isppa) 
of 19.8 W/cm2. More information about the methodology for deter
mining the power adjustment is provided in the Supplementary infor
mation. For patients A to E and patient G, the first four sonications 
targeted the VIM, and the last sonication targeted the DRT. For each 
patient, a lower power sonication was introduced within the neuro
modulation sequences, except for patient C (due to technical reasons). 
For patient F, the same procedure was applied except that the third 
sonication, which was the lower power one, was repeated twice due to a 
technical error preventing tremor recording during the first occurrence. 
For patient H, the VIM was targeted with a unique low power sonication 
and a low duty cycle mode which caused an important decrease of the 
tremor. For patient I, only the DRT was sonicated twice using a low duty 
cycle mode. The sonications performed for each patient are detailed on 
Table 3. 

2.6. Tremor acquisition and analysis 

Before sonications, once patients were installed on the scanner bed 
with the stereotactic frame attached to the bed but before entering the 
MR tunnel, the baseline tremor was recorded. Patients were asked by the 

neurologist to hold a postural tremor for approximately 30s. 
During each neuromodulation sequence, the tremor was also recor

ded as the patient held and released a batwing tremoric posture [66] as 
instructed by the neurologist (Fig. 1). To evaluate the tremor change 
during each sonication, the average tremor power was computed over 
the 8s before the beginning of each sonication (see supplementary ma
terials for details), and the 8s after the end of each sonication. 
Post-neuromodulation effects were measured in the 7- to 33-min period 
following the end of the relevant sequence for the short-lived, and 
extended-duration respectively. The fundamental tremor frequency 
immediately before and after each sonication was also measured. 

2.7. Temperature monitoring during stimulation 

The temperature was monitored inside the patient’s brain with the 
manufacturer’s MR thermometry sequences during the sonications [80]. 

2.8. Statistical analysis 

A statistical analysis was performed to assess the immediate effect of 
the sonications on the tremor power of patients A to G. Mean tremor 
power values immediately before and after the sonication were log- 

Fig. 2. (a-c) Tremor power immediately before and after each TUS for patients G, D and H respectively. Blue bars correspond to the average of the tremor power during the 8s 
preceeding the stimulation and orange bars to the average of the tremor power during the 8s following the stimulation. Green bars correspond to post-neuromodulation 
measurements. The error bars correspond to the standard deviation during the measurement time interval. (d) Position of the VIM (red cross) and DRT (blue cross) targets. 
The DRT target corresponded to the barycenter of the fibers (in light blue) going from the dental superior nucleus to the primary motor cortex. The green and red overlay 
delineate the thalamus and the VIM respectively using the volBrain open-source software [71]. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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transformed beforehand, and two-tailed paired sample Student’s t-tests 
were conducted (n = 7 for each sonication except for mode 2 sonication 
of the VIM for which n = 6 due to a technical issue for patient E). To 
assess the impact of each sonication mode, mean tremor powers dis
played in Fig. 2a–c and Fig. S2 for patients A to G were pooled with 
matched respective power, sonication mode and target (Table 3), e.g. all 
sonications targeting the VIM with a power of 2.6 W/cm2 and sonication 
mode n◦1 were pooled together. In Table 3, grouped sonications are 
indicated with cells having the same background color (except for cells 
with a red background, which indicates that an error occurred during 
the sonication, and therefore that the sonication was not considered in 
the statistical analysis). Since only a restricted set of patients underwent 
more than five recorded sonications, the statistical analysis was not 
performed on sonication 6, 7 and 8 (except for patient F whose sixth 
sonication was considered because a technical issue induced a shift in 
the ordering of the sonications). The significance level was initially 
chosen as α = 0.05 and since four tests were done, a Bonferroni 
correction was applied, decreasing the significance level to an effective 
level αBonferroni = 0.0125. For each such statistical test, we also per
formed a Wilcoxon signed-rank test to assess the robustness of the 
finding. Results of non-parametric tests are reported only if they do not 
align with t-tests (i.e one test is significant while the other is not). 
Cohen’s d values are reported to assess the effect size. Patients A, B and D 
who are three responders which underwent similar sonication patterns 
and for which post-neuromodulation measurements were performed at 
two different times were grouped together and the data shown in Fig. 3b 
were log-transformed. Such data were then used in a repeated measures 
ANOVA, followed by Tukey’s HSD post-hoc tests to assess if significant 
differences could be found between the tremor power at different times. 
In this case, α = 0.05. 

3. Results 

3.1. Participants 

Nine patients with ET, refractory to medical treatments and eligible 
for TUS thalamotomy were included in this study and accepted for 
treatment with the Insightec’s Exablate Neuro Magnetic Resonance- 
guided Focused Ultrasound (MRgFUS) device [72,73] at the Paris 
Brain Institute (ICM, Paris, France). Demographical, clinical, and 
radiological data are summarized in Table 2. 

3.2. Tremor power before, during and after TUS 

The sonication details together with the corresponding estimates of 
pressures and intensities applied to each patient are summarized in 
Table 3. 

The spectrogram in Fig. 1b highlights the impact of the stimulation 
on the frequency components of the tremor. It was acquired on Patient 
C. The decrease in tremor did not start at the beginning of the stimu
lation (red vertical bar) but took 25s to start. 

For each patient, and for each stimulation, the average tremor 
powers were computed over the 8s before the beginning of each soni
cation and 8s after the end of each sonication (transparent windows on 
each side of Fig. 1b). The tremor power was modulated differently 
depending on the TUS mode. The results of the statistical analysis of the 
mean tremor power immediately after stimulation are: for mode 2 VIM 
sonication t (n = 5) = − 0.81, p = 0.46, d = − 0.20; for mode 1 VIM 
sonication: t (n = 6) = − 0.46, p = 0.66, d = − 0.13; for mode 3 VIM 
sonication: t (n = 6) = − 2.47, pt-test = 0.049 > αBonferroni and pWilcoxon =

0.078 > αBonferroni, d = − 0.33; for mode 3 first DRT sonication: t (n = 6) 
= 0.37, p = 0.72, d = 0.18. Of note, negative values of d reflect an 

Table 1 
Sonication patterns tested.  

Sonication mode 1  

Duration Ramp 
duration 

Ramp shape Repetition interval/ 
frequency 

Duty 
cycle 

Notes 

Pulse 30 ms 0s rectangular 100 ms/10 Hz 30 %  
Pulse train 5s 0s rectangular 15s/0.0667 Hz   
Pulse train 

repeat 
35s 0s rectangular N/A   

Sonication mode 2  
Duration Ramp 

duration 
Ramp shape Repetition interval/ 

frequency 
Duty 
cycle 

Notes 

Pulse 2 ms 0s rectangular 5.98 ms/167 Hz 33.4 %  
Pulse train 5s 0s rectangular 15s/0.0667 Hz   
Pulse train 

repeat 
35s 0s rectangular N/A   

Sonication mode 3  
Duration Ramp 

duration 
Ramp shape Repetition interval/ 

frequency 
Duty 
cycle 

Notes 

Pulse 2 ms 0s rectangular 40 ms/25 Hz 5 %  
Pulse train 5s 0s rectangular 15s/0.0667 Hz   
Pulse train 

repeat 
35s 0s rectangular N/A   

Sonication mode 4  
Duration Ramp 

duration 
Ramp shape Repetition interval/ 

frequency 
Duty 
cycle 

Notes 

Pulse 2 ms 0s rectangular 40 ms/25 Hz 5 % This sequence is applied for 1s successively on 9 points forming a 1.5 ×
1.5 mm grid Pulse train 1s 0s rectangular 9s/0.111 Hz  

Pulse train 
repeat 

54s 0s rectangular N/A   
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increase of tremor power. None of the sonication modes had a statisti
cally significant effect on the tremor power immediately after the end of 
the sonication once Bonferroni correction was applied. 

Nevertheless, noticeable decreases or increases of the tremor power 
could be observed after certain sonications at the individual scale. The 
overall response differed from patient to patient. 55 % were responders 
(patients A, B, C, D and H), and 45 % were non-responders (patients E, F, 
G and I) patients. The main results are displayed (Fig. 2a-c) and 
described for all patients in the supplementary materials (Fig. S2). 
Typically, non-responders (Fig. 2a) exhibited an increase of tremor 
power at the end of the stimulation compared to the beginning of the 
stimulation: this was the case for all sonications for patients E, F and G. 
Responders typically showed a large and sustained decrease in tremor, 
which prevented further sonications either after sonication in the VIM 
only (patient H in Fig. 2c) or after switching from VIM stimulation to 
DRT stimulation (patients A, B, C, D). Patient D is displayed in Fig. 2b. 

The fundamental tremor frequency immediately before and after 
each sonication was 5.17 ± 0.62 Hz and 5.01 ± 0.66 Hz corresponding 
to a relative fundamental frequency change of − 0.16 ± 0.41 Hz. It is to 
be noted that the spectrogram frequency resolution was 0.167 Hz. The 
details for each sonication is available in Table S2. 

3.3. Post-neuromodulation effects 

Post-neuromodulation measurements occurred in patients A to D and 
H only due to time constraints with the clinical workflow of the ultra
sound thalamotomy that was planned with the Exablate Neuro imme
diately after the ultrasound neurostimulation. Sustained effects 
prevented from continuing the scheduled stimulations in patients B, C 
and D after a combination of 4–5 stimulations in the VIM followed by a 
stimulation in the DRT with a low duty cycle (5 %). Patient H exhibited a 
93.4 % decrease from baseline tremor 3 min after the first VIM stimu
lation with a low duty cycle (5 %), and a 77.2 % decrease after 7 min. 
Short-lived post-neuromodulation effects were observed after DRT 
neuromodulation for all the patients whose tremor was measured in this 
3–7 min timeframe after stimulation: the reduction in tremor power was 
higher than 90 % (Fig. 3b). For patients C and D, the tremor power 
remained lower than 5 % of the baseline, up to 26 min and 33 min 
respectively (Table 3). Patients C and D both self-reported that the 
tremor was gone and thought that the ablative clinical treatment had 
been performed. The repeated measures ANOVA performed on baseline 
and post-neuromodulation measurements for patients A, B and D re
ported in Fig. 3b indicate a statistically significant effect of time on 
tremor power: F(2,4) = 7.51, p = 0.044, η2 = 0.79. Tukey’s HSD test 
comparing baseline with short-lived post-neuromodulation measure
ments was also significant: p = 0.048, d = 2.70, but not baseline 
compared with extended-duration post-neuromodulation measure
ments: p = 0.40, d = 1.33, nor short-lived measurements compared with 
extended-duration measurements: p = 0.37, d = − 1.63. 

For patient D, we continued to record baseline tremors every 5 min 
(Fig. 3a). 

3.4. Thermal rise during TUS 

No heating was seen on the MR thermometry images for any of the 
neuromodulation sonications. Overall, the temperature at target during 
sonication was 37.2 ± 1.4 ◦C compared to 36.8 ± 1.4 ◦C for a control 
voxel located 3 cm away from the target. The temperature for each 
patient is provided in Table 4. 

4. Discussion 

4.1. Target engagement by neuromodulation 

This study demonstrates the possibility for MR-guided low-intensity 
focused ultrasound waves to elicit a large motor response (more than 98 Ta
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% in one patient) sustained for several minutes (up to 30 min in one 
patient). Although the response varied from patient to patient, the effect 
of ultrasound neurostimulation was more pronounced than anything 
previously reported in humans. 

Pre-clinical studies in rodents have demonstrated motor responses to 
TUS via EMG recordings. Tufail et al. [29] demonstrated EMG spikes 
after TUS in the motor cortex with a 92 % success rate, as well as an 
increased multi-unit activity. King et al. [28,54] confirmed these find
ings and explored a wide range of frequencies (250 kHz–600kHz) and 
acoustic intensities (0.1–16.8 W/cm2). The closest set of parameters to 
the ones used in our study (0.3 W/cm2 at 600 kHz) yielded to 20 % 
response rate. We report here 55 % of responders, with an average 

number of 5.2 neuromodulations per patient. More recently, Sharabi 
et al. [35] tested the impact of stimulating the inferior olivary nucleus in 
a rat model of essential tremor. The authors exhibited a reduction of 
EMG spikes over approximately 70s with TUS parameters of DC = 3.3 %, 
PRF = 0.3 Hz, Isppa = 27.2 W.cm− 2 and f = 320 kHz. Our study echoes 
these findings and provides the first evidence of motor response after 
TUS in patients suffering from Essential Tremor. 

Recent studies investigated motor response in healthy volunteer 
when targeting the motor cortex (M1) [81–89]. Each study exhibited a 
change in the motor evoked potentials (MEP) amplitudes following a 
stimulation of the motor cortex, and one study highlighted an influence 
of duty cycle on inducing an inhibitory or excitatory effect on M1 [88]. 

Table 3 
Sonication details for each patient. For patients B, C, D and H, the sustained decrease of the tremor was too strong to 
allow ultrasound neurostimulation to continue. Red cells correspond to sonication interrupted due to MR noise (pa
tient C and E) or a technical issue which prevented tremor recording during that sonication (patient F). Other 
background colors correspond each to the pooling which is considered for the statistical analysis described in the 
methods section. 

 

ISPTA (W/cm²) 2.8 2.6 0.0 0.4 0.4 0.1 0.6 N/A

Pressure (MPa) 0.80 0.80 0.00 0.80 0.79 0.81 0.94 N/A

Location VIM VIM VIM VIM DRT DRT DRT N/A

Sonication mode 2 1 3 3 3 4 3 N/A

ISPTA (W/cm²) 2.8 2.6 0.0 0.4 0.4 0.1 sustained effect sustained effect

Pressure (MPa) 0.80 0.80 0.00 0.80 0.80 0.80 sustained effect sustained effect

Location VIM VIM VIM VIM DRT DRT sustained effect sustained effect

Sonication mode 2 1 1 3 3 4 sustained effect sustained effect

ISPTA (W/cm²) 2.8 0.8 2.6 0.4 0.4 sustained effect sustained effect sustained effect

Pressure (MPa) 0.80 0.80 0.80 0.80 0.80 sustained effect sustained effect sustained effect

Location VIM VIM VIM VIM DRT sustained effect sustained effect sustained effect

Sonication mode 2 1 1 3 3 sustained effect sustained effect sustained effect

ISPTA (W/cm²) 2.8 2.6 0.05 0.4 0.4 sustained effect sustained effect sustained effect

Pressure (MPa) 0.80 0.80 0.28 0.80 0.79 sustained effect sustained effect sustained effect

Location VIM VIM VIM VIM DRT sustained effect sustained effect sustained effect

Sonication mode 2 1 3 3 3 sustained effect sustained effect sustained effect

ISPTA (W/cm²) 1.9 2.6 0.1 0.4 0.4 0.7 N/A N/A

Pressure (MPa) 0.80 0.80 0.17 0.80 0.80 0.99 N/A N/A

Location VIM VIM VIM VIM DRT DRT N/A N/A

Sonication mode 2 1 1 3 3 3 N/A N/A

ISPTA (W/cm²) 2.8 2.6 0.02 0.02 0.4 0.4 0.4 0.1

Pressure (MPa) 0.80 0.80 0.18 0.18 0.80 0.81 0.81 0.81

Location VIM VIM VIM VIM VIM DRT DRT DRT

Sonication mode 2 1 3 3 3 3 3 4

ISPTA (W/cm²) 2.8 2.6 0.2 0.4 0.4 0.5 0.1 N/A

Pressure (MPa) 0.80 0.81 0.22 0.81 0.81 0.91 0.91 N/A

Location VIM VIM VIM VIM DRT DRT DRT N/A

Sonication mode 2 1 1 3 3 3 4 N/A

ISPTA (W/cm²) 0.03 sustained effect

Pressure (MPa) 0.19 sustained effect

Location VIM sustained effect

Sonication mode 3 sustained effect

ISPTA (W/cm²) 0.4 0.6

Pressure (MPa) 0.80 0.93

Location DRT DRT

Sonication mode 3 3
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Shamli Oghli et al. [86] hypothetized that theta-burst TUS in M1 may 
induce synaptic plasticity via NMDA receptors and reported a reduction 
of the ultrasound-induced change in MEP after the administration of 
brain active drugs (Ca2+ and Na + channels blockers). Bilateral ultra
sonic neurostimulation of M1 in the context of Parkinson disease pa
tients induced an increase of MEP amplitudes, but no change in the 
MDS-UPDRS clinical scale was associated with it [90]. Nakajima et al. 
[89] reported the reaction time to withhold a voluntary hand movement 
was increased after ultrasound stimulation of the anterior inferior 
frontal cortex. Our study further investigates the impact of ultrasound 
stimulation on movement control but targeted deeper brain structures. 
We report here that only 5 out of 9 patients responded to the ultrasound 
stimulation despite the use of state-of-the-art targeting combining ste
reotaxic positioning and medical grade skull aberration correction. Our 
preliminary results do not demonstrate a correlation of the success of the 
stimulation with a specific set of acoustic parameters for the stimulation, 
nor with a specific target. Nevertheless, it is noticeable that all the ET 
patients who responded best to the thermal ablation (more than 40 % 
reduction of the CRST score one month after the treatment (Table 2) 
match with the ultrasound-stimulation responder patients, except for 
patient E. Of note, patient E happens to be the patient with the most 
severe tremor score (CRST = 52 before treatment). 

4.2. Non-thermal mechanism 

Transient effects of focused ultrasound on tremor have been reported 
previously by Elias et al. [73] during MRgFUS treatment of patients 
suffering from ET. However, such effects were observed when gradually 
increasing the energy at the target before permanently ablating the 
target with peak temperatures around 50 ◦C. Sensory symptoms were 
also reported for temperatures in the 45◦C–50 ◦C range, at applied 

powers of 550 W [73]. At such powers, the estimated pulse average 
intensities at target are of the order of 1500 W cm− 2 (assuming 5 % 
energy transmission [91] through the skull). Usually, powers applied for 
thermal ablation range from 300 to 1000 W [72] (Isppa values ranging 
between ~1500 and 5500 W cm− 2). 

In contrast, our study was achieved with the same focused ultra
sound device as Elias et al. [73] (ExablateNeuro) but operated at its 
lower power bound. We can reasonably assume that a non-thermal 
mechanism of action drives the effect of ultrasound on brain activity 
in our study, leading to reversible tremor changes. This is supported by 
the lack of significant measured thermal rise during ultrasound stimu
lation. This was not higher than the noise level of the MR temperature 
monitoring sequence. This is in line with Constans et al.‘s [92] ther
moacoustic simulation of four published pre-clinical TUS experiments 
[22,29,91,92] where the temperature elevation was estimated to be less 
than 1 ◦C for acoustic parameters similar to those used in our study. The 
peak negative pressure at the focus was estimated to be 0.8 Mpa in our 
study, corresponding to spatial peak pulse average intensities as low as 
20 W cm− 2. This value is close to the recommendation of the FDA for 
diagnostic ultrasound (Isppa < 19 W cm− 2) [93]. 

4.3. Spatial specificity of the stimulation: DRT and VIM stimulation 

VIM neuromodulation produced a large reduction of the tremor for 
one patient (patient H); DRT stimulation following VIM stimulation 
produced a large reduction of the tremor for four patients (A to D). In the 
latter case, a cumulative effect of ultrasound neuromodulation cannot be 
excluded [49], making it difficult to separate the influence of prior VIM 
stimulation. This should be considered in the design of future studies. 
The results of our exploratory study suggest that there should be at least 
30-min wait before testing a different set of stimulation parameters used 
here. 

It is also worth noting that the VIM and the DRT differ anatomically: 
a nucleus with large, heterogeneous and clumped cells for the VIM [94] 
versus a white matter fiber bundle formed by efferent fibers from the 
dentate nucleus projecting toward the red nucleus and innervating the 
ventral lateral nucleus of the thalamus for the DRT. It could explain the 
different neurophysiological response to ultrasound stimulation. Similar 
effects on tremor have been reported after DRT or VIM DBS [95,96]. 
Dembeck et al. showed that VIM-DBS efficiency was dependent on the 
target distance from the DRT [97], with better results for a DBS location 
closer to the DRT. We believe that the precision of the targeting enabled 
by the Insightec’s large aperture multi-element transducer was appro
priate for investigating VIM vs DRT neuromodulation. At 650 kHz, with 
a hemispherical array using a CT-based correction for patient skull ab
erration [21,75,98], the estimated focal spot size inside the brain is 1.5 
mm wide and 3.0 mm long [74,75], providing more precise targeting 
than previous studies of TUS on humans [48–50,99,100]. In our pa
tients, the distance between the VIM and the DRT was 1.8 ± 0.4 mm, 
which was slightly larger than the lateral resolution of the focal spot 
(1.5 mm). This suggests that the ultrasonic accuracy was sufficient to 
specifically target either the DRT or the VIM. 

Previous pre-clinical studies in non-human primates reported the 
spatial specificity of TUS. Deffieux et al. [42] reported significant 

Table 4 
Average thermal rise for each patient.   

Patient A Patient B Patient C Patient D Patient E Patient F Patient G Patient H Patient I 

Temperature at target (◦C) during sonication 37.2 ±
0.4 

37.1 ±
0.5 

37.4 ±
2.2 

36.8 ±
0.4 

36.6 ±
3.1 

37.7 ±
1.2 

37.2 ±
0.7 

37.7 ±
0.7 

37.0 ±
0.2 

Temperature at a control voxel 3 cm away from the target 
(◦C) during sonication 

37.1 ±
0.4 

36.9 ±
0.9 

36.2 ±
1.9 

37.2 ±
0.4 

36.0 ±
3.1 

36.8 ±
0.7 

37.4 ±
0.9 

36.9 ±
0.5 

37.0 ±
0.1  

Fig. 3. (a) Baseline tremor power for patient D 3 min after the 5th stimulation 
that occurred at 12:19, and approximately every 5 min over 30 min, compared 
to the baseline. The error bars correspond to the standard deviation during the 
measurement time interval (b) Tremor power reduction for patient A to D 
shortly after stimulation and sustained post-neuromodulation effects more than 
13 min after stimulation. 
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anti-saccade latency change in the case of frontal eye field stimulation 
and no significant change for premotor cortex stimulation in non-human 
primates. Folloni et al. [44] investigated the effect of TUS on the 
coupling of amygdala activity with activity in other brain areas. They 
reported that the coupling of amygdala activity was significantly 
changed after amygdala ultrasound stimulation but not after anterior 
cingulate cortex (ACC) ultrasound stimulation, except that ACC stimu
lation led to an alteration in amygdala coupling with ACC. Finally, 
Verhagen et al. [43] stimulated different cortical areas and reported 
changes in functional connectivity in the targeted regions only. 

4.4. Sustained post-neuromodulation effect 

A sustained effect was observed in five patients (A, B, C, D and H) and 
maintained for up to 30 min for one patient (patient D). 

Sustained post-neuromodulation effects have been reported in ani
mal models. Verhagen et al. [43] stimulated the supplementary motor 
area and the fronto-polar-cortex over 45s, with an imposed pressure at 
the target of 0.88 MPa, 30 ms pulse duration and 10 Hz PRF (leading to a 
30 % DC). They showed sustained reversible changes in the connectivity 
of the stimulated regions compared to the resting-state fMRI for more 
than 2 h. With the same parameters, but with a total sonication time 
reduced from 45s to 20s, Pouget et al. [79] demonstrated a 30min 
post-neuromodulation effect on saccade/anti-saccade latencies when 
stimulating the frontal eye field. In this study, the choice of the ultra
sound stimulation parameters for mode 1 and 2 was based on previous 
work on sustained functional changes after TUS in primates [43] 
whereas the choice of the ultrasound stimulation parameters for mode 3 
was based on the results obtained by the group of Seung-Schik Yoo to 
suppress SEP in rabbits [38] for 7 min, and to decrease seizure bursts in 
mice [36]. 

Due to the time constraints associated with performing ultrasonic 
thalamotomy to permanently suppress tremor, the effect of post- 
neuromodulation could not be monitored over time for patients who 
witnessed a remarkable decrease of their tremor (patients A to D and H). 
We could not wait until the tremor returned to its pre-therapeutic 
severity, but only until tremor reappeared, and was severe enough to 
be assessed, and the patient could provide feedback on his tremor during 
the dose escalation leading to thermal ablation of the target. Further 
experiments outside the workflow of an actual treatment have to be 
performed to better quantify post-neuromodulation effects and placebo- 
control should be added to rule out possible placebo effect. 

Further experimental work is needed to test other sonication patterns 
with different duty cycles, pulse duration, stimulation time, and pres
sures at the target to improve understanding of TUS parameters. The 
Exablate Neuro device could be used to test different types of stimula
tions in healthy volunteers, provided that a frameless head holder is 
developed. Alternatively, neuronavigated transducers could be used to 
perform such experiments. To achieve the same precision in terms of 
focal spot dimensions, either multi-element arrays [101] or acoustic 
lenses [19] are good candidates. Increasing the frequency could lead to 
higher precision targeting [102,103] if precise aberration corrections 
are applied. 

Overall, this study reports on the feasibility of inducing a substantial 
reduction of the tremor power with MR-guided low-energy focused ul
trasound stimulation in ET patients, with up to 98 % tremor reduction 3 
min after sonication that lasted up to 33 min. No significant thermal rise 
occurred at the target, supporting a non-thermal mechanism. However, 
even though the precision of targeting was optimized with a state-of-the- 
art setup (head shaving, stereotactic frame, clinically validated aberra
tion correction), response variability was observed and remains to be 
explained. 
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