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In addition to the well-recognized thalamotomy in the 
ventral intermediate nucleus (Vim of Hassler, corre-
sponding to the posterior part of the thalamic ventral 

lateral nucleus [VLp]) for the treatment of chronic thera-
py-resistant essential tremor (ET), an alternative approach 
targeting the posterior part of the subthalamus was pro-
posed in the 1960s and early 1970s.4,5,22,40 We undertook a 
reactualization of this approach, named cerebellothalamic 

tractotomy (CTT), first with radiofrequency ablation26,28 
and later with MR-guided focused ultrasound (MRgFUS) 
surgery.19,20

There is sound histological evidence that the posterior 
part of the subthalamus, also named prelemniscal radiation 
by Hassler,21 field H by Forel,14 or caudal zona incerta,15 in-
cludes mainly the cerebellothalamic (or dentatothalamic) 
fiber tract on its way to the VLp.16,31 This has allowed us to 
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MR-guided focused ultrasound cerebellothalamic 
tractotomy for chronic therapy-resistant essential tremor: 
anatomical target reappraisal and clinical results
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OBJECTIVE In addition to the well-recognized ventral intermediate nucleus (Vim) thalamotomy for the treatment of 
chronic therapy-resistant essential tremor (ET), an alternative approach targeting the posterior part of the subthalamus 
was proposed in the 1960s and early 1970s and then was reactualized as cerebellothalamic tractotomy (CTT) with the 
advent of MR-guided focused ultrasound (MRgFUS) surgery. The goal of this study was to improve target coverage and 
thus efficacy (i.e., tremor control and its consistency). The authors undertook a histological reappraisal of the CTT target 
and proposed a targeting strategy of the MRgFUS CTT based on 1) the MR visualization of the center of the red nucleus 
and 2) the application of preplanned target subunits realized with short sonications under thermal dose control. This 
study was aimed at demonstrating the efficacy and risk profile of this approach against chronic therapy-resistant ET.
METHODS Ten consecutive patients suffering from chronic therapy-resistant ET benefited from a unilateral MRgFUS 
CTT and were followed over the course of 1 year. Primary endpoints were subjective tremor relief, Clinical Rating Scale 
for Tremor (CRST) score, activities of daily living (ADL) score, and the hand function (HF) scores HF16 and HF32. Histo-
logical reappraisal of the target led the authors to propose a standardized targeting protocol for MRgFUS CTT. Thermal 
doses for 18 and 240 cumulative equivalent minutes at 43°C were calculated and correlated with intraoperative and 2 
days postoperative T2-weighted MR images.
RESULTS The mean ± SD for the baseline CRST score was 48 ± 12; the score was 16 ± 7 at 3 months, and 17 ± 8 at 
1 year. The mean tremor relief rated by the patients for the operated side was 95% after 2 days, 96% at 3 months, and 
93% at 1 year. The mean HF16 was 11.0 ± 2.1 at baseline, 0.7 ± 0.7 at 3 months, and 0.8 ± 0.9 at 1 year (93% mean re-
duction). The minimum reduction for the HF16 at 1 year was 78%. There was a 51% reduction of the mean ADL score at 
1 year. There was no bleeding or infection. Gait difficulties, only detectable on tandem gait, were increased in 3 patients 
and reduced in 2 patients at 1 year. There was no dysarthria.
CONCLUSIONS The authors’ results suggest that MRgFUS CTT is a very effective treatment option for therapy-resis-
tant ET.
https://thejns.org/doi/abs/10.3171/2019.12.JNS192219
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attribute a central role for this tract in the pathophysiology 
of ET.20

Although favorable in terms of safety and accuracy,13,19 
the clinical results obtained with the MRgFUS technique 
regarding unilateral tremor control have shown some de-
gree of variability or limitations.8,9,10,20,35,37,39,43 Indeed, in 
our first case series published on the MRgFUS CTT,20 the 
mean unilateral and bilateral tremor reductions stood at 
more than 70% for the treated side, but significant differ-
ences were seen between patients. Similar results were re-
ported by another group.37

To improve target coverage and thus efficacy (i.e., 
tremor control and its consistency), we undertook a his-
tological reappraisal of the CTT target and proposed a 
targeting strategy based on 1) the MR visualization of the 
center of the red nucleus (mRN) and 2) the application of 
preplanned target subunits realized with short sonications 
under thermal dose control.

Methods
Ethics

All patients treated with this protocol signed an in-
formed consent document after being fully informed 
about the treatment, its results, and its risks. No additional 
ethical approval was sought because MRgFUS interven-
tions for ET are approved and supervised by the Swiss 
Federal Office of Public Health (FOPH) as part of a dedi-
cated national registry.

Context of This Study
There was no patient randomization and no blinding. 

This single-center consecutive case series reflects our 
current treatment routine of MRgFUS CTT for chronic 
therapy-resistant ET. There were no patients in this study 
who were part of the series published in 2016 by Gallay et 
al.20 Monitoring for primary outcome measures, adverse 
events, and cognitive evaluations was performed 2 days, 3 
months, and 1 year after the procedure.

Inclusion and Exclusion Criteria
The selection criteria for MRgFUS CTT were as fol-

lows: 1) ET diagnosis confirmed by a senior neurologist, 
with postural and/or kinetic components reaching an in-
tensity of at least 2–3/4; 2) tremor resistance to pharmaco-
logical treatment, or appearance of side effects of drugs, 
preventing their use; 3) absence of dementia; and 4) strong 
disability related to tremor. Asymmetry of symptoms was 
not a selection criterion. No prefixed age limit was set. All 
patients were examined by a senior internist for medical 
contraindications. Antiaggregant therapy was stopped for 
10 days before the intervention, and normal coagulation 
and blood pressure were checked in all patients prior to 
surgery.

Clinical Scales and Subscales
Primary endpoints were subjective tremor relief; 

Clinical Rating Scale for Tremor (CRST) with its parts 
A (scores 1–9), B (scores 10–14), and C (scores 15–21);11 
activities of daily living (ADL)3 (scoring from 25 up to 

100 maximum—higher scores corresponding to stronger 
impairment); and hand function (HF) subscores HF16 
(items 11–14 of CRST, including spiral and line drawings 
and pouring for the treated hand [of 16 points]) and HF32 
(items 11–14 for both hands).6,20 Secondary endpoints 
were the lesion size, the Montreal Cognitive Assessment 
(MoCA) score, the Hospital Anxiety and Depression 
Scale (HADS) score,44 and the World Health Organiza-
tion Quality of Life Questionnaire (WHOQOL-BREF).41

Histological Analysis
A detailed localization analysis of the cerebellothalam-

ic tract in the posterior subthalamic area was performed 
on the original histological sections, and maps were partly 
published in different versions of Morel’s Stereotactic At-
las of the Human Thalamus and Basal Ganglia.16,31 Ana-
tomical reappraisal of the interindividual variations of 
the cerebellothalamic tract normalized to the mRN in the 
axial stereotactic plane was conducted in order to provide 
maximal coverage of the tract without affecting surround-
ing neuroanatomical structures.

Histological sections and maps from 4 human brain 
hemispheres (Morel’s cases Hb1, Hb3, Hb5, and Hb8) cut 
in their axial stereotactic plane were superimposed on 
the mRN. Figure 1 shows the superimposed brain hemi-
spheres on the grid of Morel’s case Hb1. Outlines of the 
cerebellothalamic tract were identified in the stereotactic 
space on the basis of myelin-stained sections and fitted 
onto Nissl drawn maps. The cerebellothalamic tract was 
always identified, as expected from previous works, in the 
space located between the RN and the subthalamic nucle-
us (STN) 3 mm below the intercommissural plane (ICP). 
However, it showed greater variability in its anteroposte-
rior extension than previously thought. This led, in accor-
dance with an approach already proposed for targeting the 
pallidothalamic tract in Parkinson disease (PD),17,18 to cov-
erage of the maximal amount of the tract with 2 to 3 target 
lesion subunits. The target lesion subunits were deployed 
on the tract with the goal being to optimize target coverage 
and minimize risks for adjacent structures (i.e., mammil-
lothalamic tract [mtt], STN, and somatosensory thalamus).

Preoperative Target Preparation
Pretargeting was performed on axial T2-weighted MR 

images cut in the stereotactic plane with either 2- or 3-mm 
thickness without gaps. The RN could always be identified 
and its center determined. The position of the 3 target le-
sion subunits was centered in the space between RN and 
STN, as described above. All targets were placed 3 mm 
below the ICP. Coordinates of the 3 target subunits were 
corrected in each case separately for mediolateral and an-
teroposterior dimensions.

Procedure
All interventions were performed using the ExAb-

late Neuro device (InSightec) in a 3-T MRI system (GE 
Discovery 750; GE Healthcare). Definitive targeting was 
determined on intraoperative axial T2-weighted images 
with the patient’s head immobilized in the stereotactic 
frame and the transducer in place. Intraoperative axial 
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T2-weighted images were cut with 3-mm thickness (no 
gap) and were of sufficient quality to be able to determine 
the mRN in every patient (example in Fig. 2). The natural 
transducer focal point was adjusted as close as possible to 
the center of the CTT target. The detailed procedure setup 
has been described previously.20,27 Final temperature soni-
cations were applied to the different target lesion subunits 
according to their preplanned focal point coordinates. The 
order of sonications was, as seen in Fig. 1, from 1 to 3; 
target lesion subunit 1 is located in the middle of the space 
between the mtt and the ventral posterior medial nucleus, 
parvocellular division (VPMpc). Target lesion subunits 
1–3 in their proposed order of realization are depicted in 
Fig. 1. Their coordinates are given in relation to the mRN. 
Lesion subunit 1 is located 4 mm laterally to mRN, 2 mm 
anteriorly to mRN, and 3 mm below the ICP. Lesion sub-
unit 2 is located 5–5.5 mm laterally to mRN, at the an-
teroposterior level of mRN, and 3 mm below the ICP, and 
lesion subunit 3 is located 2.5–3.0 mm laterally, 3.5 mm 
anteriorly to mRN, and 3 mm below the ICP.

Concerning the lesion volume of each target subunit, 
we consider a central area of ultrasound energy appli-
cation of 1.5 × 1.5 × 3 mm, representing the ultrasound 
focal region size as given by the manufacturer. Around 
it, further tissue lesioning will occur through heat diffu-
sion. The goal was to obtain for each target lesion sub-
unit a thermal dose of 240 cumulative equivalent minutes 
(CEM) at 43°C extending on a diameter of 2 mm. Sonica-
tions were performed with the shortest possible duration 
and the corresponding power in order to provide the men-
tioned final thermal dose of 240 CEM, which represents a 

conservative value corresponding to a 100% probability of 
lesion.29,30 At 18 CEM there is a 50% probability for ther-
mal damage.29 According to the thermal doses achieved 
and if tremor suppression was already obtained (assessed 
based on spiral drawing, finger-nose test, and suppression 
of postural tremor) after lesion subunit 2, subunit 3 could 
be left untouched.

Intraoperative images (e.g., Fig. 2) were obtained with 
the patient immobilized in the stereotactic frame, the 
transducer still in the treatment position, and the space be-
tween the transducer and scalp filled with degassed water. 
MR parameters of the intraoperative axial T2 sequences 
were as follows: pulse sequence FRFSE-XL, field of view 
22.0, slice thickness 2.0 mm, slice spacing 0.0 mm, TE 
100.5 msec, TR 3922.0 msec, echo train length 19, and 
bandwidth 31.2 kHz.

All patients received between 2 and 3 injections of 
methylprednisolone postoperatively. Dexamethasone (6 
mg/day) was taken for 4 days after the procedure only, in 
order to avoid adrenal insufficiency after its discontinua-
tion.

Target position reconstruction was performed for each 
patient on the basis of the MRI findings at day 2 after sur-
gery as previously described,19,32,33 with a comparison be-
tween the desired target coordinates and the coordinates 
of the geometrical center of the lesions seen on sagittal 
and axial T2 images.

Statistical Analysis
Statistical analysis of quantitative scores compared 

with baseline was carried out using repeated ANOVA 

FIG. 1. Projections based on data from atlas maps of Morel’s cases Hb3, Hb5, and Hb8 close to 3 mm below the ICP superim-
posed on the mRN, and from Gallay et al. (2008). The posterior commissure (pc) and midcommissural (mcl) distance correspond 
to case Hb1 (anterior commissure–posterior commissure distance of 25 mm). The mtt, STN, and VPMpc are depicted. The 
outlines of the cerebellothalamic fibers for all 4 cases are shaded in gray. Target lesion subunits 1–3 in their proposed order of re-
alization are depicted in orange. Target lesion subunit coordinates given from the mRN: 1 (mRN + 4 mm laterally and mRN + 2 mm 
anteriorly); 2 (mRN + 5–5.5 mm laterally and mRN); and 3 (mRN + 2.5–3.0 mm laterally and mRN + 3.5 mm anteriorly). Depicted 
dimensions of target subunits 1–3 correspond to the ultrasound focal region size. The numbered increments on the x and y axes 
represent millimeters. Figure is available in color online only.
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measures and multiple comparisons were applied using a 
post hoc analysis with Bonferroni-Holm testing (Daniel’s 
XL; https://www.xltoolbox.net/). Statistical significance 
was set at α < 0.05. Correlations were assessed with Pear-
son’s coefficient, with agreement considered good for 0.5 
< r ≤ 0.75 and excellent for r > 0.75. The mean values are 
given ± SD.

Results
Patients’ characteristics are summarized in Table 1. 

Ten consecutive patients with chronic therapy-resistant ET 
were analyzed. All patients received unilateral CTT: in 8 
for their most affected side, in 2 for their dominant side. 
Three patients benefited from an additional contralateral 
centrum medianum thalamotomy (CMT), and 1 patient 
received in addition to the CTT a bilateral central lateral 
thalamotomy (CLT) for therapy-resistant neurogenic pain. 
All patients were treated in a single session. One patient 
displayed concomitant PD, dominant on the side oppo-
site to the treated one. The mean age at treatment was 66 
± 8 years and the mean symptom duration was 31 ± 14 
years. No patient was lost to follow-up. Due to distance, 
in 2 of 10 patients the 1-year postoperative control was 
performed through video and phone conversation. There 

was no bleeding or infection. All patients were discharged 
after a 1-night hospital stay.

The mean baseline CRST (of 144 points) was 48 ± 12 (n 
= 10); at 3 months it was 16 ± 7 (n = 8, p < 0.0001), corre-
sponding to a 66% reduction of the mean; and it was 17 ± 
8 (n = 8, p < 0.0001) at 1 year (64% reduction of the mean). 
The mean patient-rated tremor relief after 2 days was 95% 
(n = 10, median 100%); 96% at 3 months (n = 10, median 
100%); and 93% at 1 year (n = 10, median 96%).

The mean HF16 was 11.0 ± 2.1 at baseline, 0.7 ± 0.7 (p 
< 0.0001) at 3 months, and 0.8 ± 0.9 at 1 year (n = 10, p < 
0.0001, 93% mean reduction). The minimum reduction for 
the HF16 at 1 year was 78%. The mean HF32 was 20.4 ± 
4.3 at baseline, 9.4 ± 4.1 at 3 months (p = 0.0001), and 9.0 
± 3.3 at 1 year (n = 10, p < 0.0001, 56% mean reduction) 
(see Fig. 3). Evolution of the mean CRST parts A, B, and 
C is shown in Fig. 4. The mean baseline CRST was 11.8 
± 3.9 for part A, 22.1 ± 5.2 for part B, and 14.2 ± 3.4 for 
part C. After 3 months the CRST scores were 3.6 ± 1.5 
for part A (p = 0.0001, 69% reduction); 9.9 ± 4.4 for part 
B (p = 0.0001, 54% reduction); and 2.6 ± 2.0 for part C 
(p < 0.0001, 82% reduction). At 1 year they were 4.3 ± 
1.9 (n = 8, p < 0.001, 66% reduction) for part A; 9.5 ± 3.9 
(p = 0.0001, 58% reduction) for part B; and 3.4 ± 2.6 (p = 
0.0001, 77% reduction) for part C.

FIG. 2. A: Intraoperative axial MR T2 image 3 mm below the ICP (V3) (without head coil). B: Pro-
jections of the measured 18- and 240-CEM thermal doses, taking into account the submillimetric 
displacement of the realized target according to MR thermometry. Only 2 target lesion subunits 
were performed according to the protocol and the final absence of tremor either in posture or 
during spiral drawing. C: Axial T2 image at the end of the procedure, without head coil. D: MR 
axial T2 image at day 2 after the procedure, 2 mm below the ICP (V2), with the 32-channel head 
coil. The projected anterior commissure–posterior commissure line is depicted in red in panels A, 
C, and D. The map in panel B is based on data from the Morel atlas and from Gallay et al. (2008). 
Figure is available in color online only.
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The difficulties regarding the ADL were reduced from 
a mean score of 54 ± 11 at baseline to 37 ± 9 (n = 10, p < 
0.003) at 1 year, corresponding to a 51% reduction of the 
mean.

Secondary Outcome Measures
The baseline mean MoCA score (n = 10) was 29.1 ± 0.7; 

after 2 days it was 29.2 ± 1.2 (n = 10), and it was 29.3 ± 0.7 
at 1 year (n = 7). The mean HADS score was 11.4 ± 5.6 
preoperatively and 7.7 ± 3.2 at 1 year (n = 10, p = 0.1), and 

the mean WHOQOL-BREF score was 97 ± 7 at baseline 
and 104 ± 10 at 1 year (p = 0.12).

Sonication duration applied to reach maximal tempera-
tures was between 9 and 33 seconds, and the mean sonica-
tion power was 1000 W (range 650–1400 W). The mean 
maximal energy necessary for reaching final temperatures 
was 13,720 J (range 5850–36,000 J). The mean skull den-
sity ratio as measured by the ExAblate Neuro (version 7.0) 
was 0.54 ± 0.06 (range 0.33–0.62) (Supplemental Table 1).

The mean volume of CTT targets measured 2 days af-
ter surgery was 172 ± 63 mm3 (range 55–280 mm3) on 
T2-weighted MR images and 146 ± 70 mm3 (range 35–252 
mm3) on susceptibility weighted angiography (SWAN). 
The mean dorsoventral size of the lesions, all centered 
at 3 mm below the ICP, was 6.6 ± 1.1 mm on MR T2 at 
2 days (range 4.4–7.7 mm). Applied mean thermal dose 
volumes in the target were 101 ± 48 mm3 (range 44–224 
mm3) for 18 CEM and 18 ± 12 mm3 (range 2–38 mm3) 
for 240 CEM. Intraoperative axial T2 and postoperative (2 
days) axial T2 mean lesion surfaces were compared with 
their 18-CEM and 240-CEM corresponding mean ther-
mal doses and were plotted in Fig. 5.

Pearson’s analysis showed excellent correlations be-
tween 18-CEM and 240-CEM thermal doses (r = 0.79); 
between 18-CEM thermal dose surfaces and intraopera-
tive axial MR T2 lesion surfaces (r = 0.77); and between 
axial MR T2 surfaces 2 days after the procedure and 18-
CEM thermal doses (r = 0.8), 240-CEM thermal doses (r = 
0.76), and intraoperative axial T2 surfaces (r = 0.83) (Fig. 
6). The measured MR T2 volumes of lesions at 2 days 
showed good correlations with the extrapolated 18-CEM 
(r = 0.69) and 240-CEM (r = 0.64) thermal dose volumes.

Side Effects
Sonications were painful for a few seconds in 4 pa-

tients. One patient had a frontal scalp swelling lasting a 
few days. Gait difficulties—only detectable on tandem 
gait—were present in 2 patients after 2 days; in one of 

TABLE 1. Characteristics in 10 patients with chronic  
therapy-resistant ET

Characteristic Value

No. of consecutive patients 10
No. w/ CTT (rt/lt) 10 (4/6)
Most affected side/dominant side 8/2
% female 20%
Mean age at treatment, yrs 66 ± 8
Mean symptom duration, yrs 31 ± 14
Mean CRST score (of 144 points)
 Baseline 48 ± 12 
 At 3 mos follow-up 16 ± 7, p <0.0001, −66%
 At 1 yr follow-up 17 ± 8, p <0.0001, −64% 
Mean global tremor relief (operated side)
 After 2 days 95%, median 100%
 At 3 mos follow-up 96%, median 100%
 At 1 yr follow-up 93%, median 96%
Mean ADL score
 Preop (n = 10) 54 ± 11 
 At 3 mos follow-up (n = 8) 37 ± 8, p <0.003
 At 1 yr follow-up (n = 10) 37 ± 9, p <0.003

Unless otherwise indicated, values are expressed as the mean ± SD.

FIG. 3. HF scores (HF16 for the treated hand, HF32 for both hands) after CTT in all 10 patients at baseline and 1 year postopera-
tively. Figure is available in color online only.
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them the gait difficulties were increased in comparison to 
preoperatively, and in the other they were new. At 1 year, 
3 patients had more difficulties on the tandem gait than 
preoperatively. Of those 3 patients, 1 had a polyneuropa-
thy and 1 had a concomitant PD. In contrast, 2 patients 
had an improvement of their tandem gait in comparison 
with baseline. Subjective gait difficulties without detect-
ed status anomaly were present in 5 patients at 2 days, 
and in 2 at 1 year. Five patients complained about slight 
speech difficulties at 2 days, whereas at 3 months and 1 
year only 1 patient (with concomitant PD) complained 
about them. There was no dysarthria, dysphonia, or hy-
pophonia. The patient in case 2 experienced paresthesias 
on the face and left hand after his CMT lesion from the 

1st postoperative day onward, which was still persistent 
after 1 year.

Discussion
This prospective case series of 10 consecutive in-

terventions for ET is placed in the context of an 8-year 
experience with the MRgFUS CTT for treatment of ET. 
Partial symptom control in some cases20 led us to revise 
our targeting strategy in order to optimize target coverage 
through a histological reappraisal of the interindividual 
variability of the cerebellothalamic tract as well as the use 
of preplanned focal point displacements, shortest sonica-
tion duration, and thermal dose control. This effort was 

FIG. 4. Histograms showing the evolution of CRST subscores A, B, and C, from baseline to 3 months and 1 year after CTT. Figure 
is available in color online only.

FIG. 5. Plots of 18-CEM thermal doses in light blue (mean diameters 6.6 ± 1.1 mm and 4.3 ± 0.7 mm), 240-CEM thermal doses in 
dark blue (mean diameters 4.1 ± 1.4 mm and 2.2 ± 0.6 mm), intraoperative axial MR T2 in orange (mean diameters 6.1 ± 1.2 mm 
and 3.7 ± 0.4 mm), and 2-day axial MR T2 in red (mean diameters 8.0 ± 1.0 mm and 6.0 ± 1.1 mm). Figure is available in color 
online only.
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undertaken following the reappraisal of the pallidotha-
lamic target in PD.17,18

Analysis of the Clinical Results
There was no bias in favor of cases with asymmetrical 

tremor, as shown by the baseline HF16 (11 ± 2) and HF32 
(20 ± 4) subscores.

In comparison to our previously published series,20 
baseline CRST scores were slightly lower. This observa-
tion, in spite of the modest number of cases in this series, 
may suggest an evolution in terms of referrals, now includ-
ing also patients with moderate to strong tremors, as trust 
in the technique gradually grows in the neurological com-
munity. In our previous study, 33% of the patients were 
classified in group 1 with the most severe tremor forms 
(HF32 > 28/32). Only 1 patient (10%) in the current study 
qualified for this group, not allowing us to perform conclu-
sive comparisons with our aforementioned series.

Patients reported a mean 96% tremor relief for the treat-
ed side at 3 months and 93% at 1 year after the treatment. 
This fit in with the 94% mean reduction for the HF16 at 3 
months and 92% at 1 year postoperatively, which are ob-

jective measurements of tremor. There was a 51% mean 
improvement for the ADL scores at 3 months and 1 year 
equally.

According to the relative symmetry of symptoms, the 
66% reduction for the mean CRST score at 3 months and 
64% reduction at 1 year were mostly due to the impact of 
unilateral treatment on part C of the CRST score (82% 
reduction at 3 months and 77% reduction at 1 year). The 
adjunction to CTT of a contralateral CMT in 3 patients 
and of a bilateral CLT certainly played a role, as shown by 
the HF32 score reductions of 56% at 1 year. Some tremor 
reduction was indeed found after CMT and CLT in 3 of 4 
patients, although it was more modest than after CTT (see 
Fig. 7 and Supplemental Fig. 1). There is current interest in 
CMT1,25 for the treatment of movement disorders. It is be-
ing explored in our center as a secondary target to CTT for 
bilateral tremor interventions. To our surprise, the bilateral 
CLT, performed in addition to CTT in one of our patients 
who was suffering significantly from both ET and neu-
rogenic pain (after posttraumatic myelopathy), provided a 
subtotal tremor control on the side contralateral to the one 
treated by CTT.

FIG. 6. Ten CTT targets displayed for correlations between axial MR T2 surface of the 
lesion with 18-CEM thermal dose surface (r = 0.8), 240-CEM thermal dose surface (r 
= 0.76), and intraoperative axial MR T2 lesion surface (r = 0.83). Figure is available in 
color online only.

Unauthenticated | Downloaded 05/23/23 11:23 PM UTC

https://thejns.org/doi/suppl/10.3171/2019.12.JNS192219


J Neurosurg Volume 134 • February 2021 383

Gallay et al.

At the level of CRST, HF16, ADL, and tremor relief 
scores there was a stability of improvements between 3 
months and 1 year, with this speaking against future trem-
or recurrences.

MRI and Thermal Doses
As discussed recently,18 CEM thresholds used in this 

analysis are based on data obtained in animal experi-
ments, with 240 CEM as the value corresponding to 100% 
and 18 CEM for 50% probability of thermal damage in 
the tissue.28 The size of the final lesion will accordingly 
lie somewhere between the 240 and 18 CEM thermal dose 
surfaces, depending on additional factors not entirely elu-
cidated yet (white/gray matter and vascular changes with 
age, among others). The measured lesions intra- and post-
operatively on MR images showed a similar pattern to that 
already published for the pallidothalamic tract in PD. MR 
T2 images obtained at the end of the procedure showed 
lesions slightly smaller than those at their 18-CEM ther-
mal dose. At 2 days, the MR T2 lesions were bigger than 
those at the 18-CEM thermal doses, due to the develop-

ment of intralesional cytotoxic edema. Correlation analy-
sis showed high predictability for postoperative MR T2 
lesion sizes, given the intraoperative axial MR T2 lesion 
size (r = 0.83), as well as the 240-CEM (r = 0.76) and 18-
CEM (r = 0.8) thermal dose surfaces. As shown in recent 
studies, there is a growing interest in thermal dose–based 
approaches.12,23

Targeting and Image Quality
The cerebellothalamic tract has a much more straight-

forward anatomical course than the pallidothalamic tract 
in the subthalamic region. Despite this fact, we still cannot 
rely on diffusion MR tractography of this region for direct 
lesioning purposes due to relatively poor radiological ac-
curacy.7,36 In this context, we still favor an atlas-based his-
tological approach, taking interindividual variability into 
account. Targeting the cerebellothalamic tract by using an 
approach based on visualization of the RN relies on intra-
operative imaging of sufficient resolution. As illustrated in 
Fig. 2, the mRN could be determined in all patients at 3 
mm below the ICP.

FIG. 7. Spirals drawn at baseline and at the 1-year follow-up by 10 consecutive patients treated with CTT. Figure is available in 
color online only.
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Efficiency, Safety, and Side Effects
There was no bleeding and no infection. Sonications 

were painful in 4 patients, but they only lasted a few sec-
onds and no patient suffered a headache lasting more than 
a few hours after removal of the head fixation frame. One 
patient with concomitant PD suffered from paresthesias 
in the face and hand region on the side contralateral to 
his CMT lesion from the 1st postoperative day, which had 
not completely recovered after 1 year. This was due to an 
extension of the thermal lesion into the ventral posterior 
complex.

The occurrence of subjective slight speech difficulties 
was high 2 days after CTT (5 patients) but subsided within 
weeks and persisted only in 1 patient with concomitant 
PD. Complaints concerning gait were also initially fre-
quent (5 patients). However, an objective worsening of gait 
was detected only in 2 patients and only on the tandem 
gait. At 1-year follow-up, tandem gait was worsened in 3 
patients compared to baseline. Of those 3 patients, 1 had a 
polyneuropathy and 1 had a concomitant PD.

Our current working hypothesis to explain the observed 
gait difficulties addresses a temporary slowing down of leg 
motricity and/or a reduction in muscle tone on the treated 
side, which will be noticed particularly when proximal 
and axial muscles are involved (e.g., in tandem gait). We 
propose a similar explanation for the mentioned speech 
difficulties, which did not imply a dysarthria. The pres-
ence of reduced preoperative thalamocortical and cerebel-
lar reserves19 may well underlie these manifestations.

There was no change in MoCA testing results, nor were 
there any complaints about cognitive difficulties during 
the whole follow-up of 1 year.

The safety and accuracy profile of the MRgFUS tech-
nique has been repeatedly scrutinized in recent years.13,19,33 
The actual challenge rests nowadays in proper target heat 
coverage. Thalamotomy of the VLp (Vim) by either radio-
frequency lesioning or Gamma Knife surgery has shown 
efficacy and stability over time.2,24,38,42,45 The first MRg-
FUS large series9 (double-blinded, sham-controlled) have 
not so far been able to replicate the rates of tremor control 
obtained by radiofrequency lesioning, deep brain stimula-
tion,34 and Gamma Knife surgery. Despite the small num-
ber of patients in this case series, the consistency of tremor 
relief over the whole consecutive group (at 1 year the HF16 
reduction range was 78%–100%, mean 93%) allows rea-
sonably safe preliminary conclusions concerning the ef-
ficacy of MRgFUS CTT. This consistency of tremor relief 
compares very favorably with the recent results of Gallay 
et al.20 (HF16 reduction range 0%–100%).

Conclusions
Our results suggest that MRgFUS CTT is a very ef-

fective treatment option for chronic therapy-resistant ET. 
Technical adaptations and histological reappraisal have al-
lowed us to achieve consistently high tremor relief (> 90%) 
in a consecutive series of 10 patients.
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