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BACKGROUND
Uncontrolled pilot studies have suggested the efficacy of focused ultrasound 
thalamotomy with magnetic resonance imaging (MRI) guidance for the treatment 
of essential tremor.
METHODS
We enrolled patients with moderate-to-severe essential tremor that had not respond-
ed to at least two trials of medical therapy and randomly assigned them in a 3:1 ratio 
to undergo unilateral focused ultrasound thalamotomy or a sham procedure. The 
Clinical Rating Scale for Tremor and the Quality of Life in Essential Tremor Ques-
tionnaire were administered at baseline and at 1, 3, 6, and 12 months. Tremor as-
sessments were videotaped and rated by an independent group of neurologists who 
were unaware of the treatment assignments. The primary outcome was the between-
group difference in the change from baseline to 3 months in hand tremor, rated on 
a 32-point scale (with higher scores indicating more severe tremor). After 3 months, 
patients in the sham-procedure group could cross over to active treatment (the open-
label extension cohort).
RESULTS
Seventy-six patients were included in the analysis. Hand-tremor scores improved 
more after focused ultrasound thalamotomy (from 18.1 points at baseline to 9.6 at 
3 months) than after the sham procedure (from 16.0 to 15.8 points); the between-
group difference in the mean change was 8.3 points (95% confidence interval [CI], 
5.9 to 10.7; P<0.001). The improvement in the thalamotomy group was maintained 
at 12 months (change from baseline, 7.2 points; 95% CI, 6.1 to 8.3). Secondary out-
come measures assessing disability and quality of life also improved with active 
treatment (the blinded thalamotomy cohort)as compared with the sham procedure 
(P<0.001 for both comparisons). Adverse events in the thalamotomy group included 
gait disturbance in 36% of patients and paresthesias or numbness in 38%; these 
adverse events persisted at 12 months in 9% and 14% of patients, respectively.
CONCLUSIONS
MRI-guided focused ultrasound thalamotomy reduced hand tremor in patients with 
essential tremor. Side effects included sensory and gait disturbances. (Funded by 
InSightec and others; ClinicalTrials.gov number, NCT01827904.)
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Essential tremor, the most common 
movement disorder,1 is characterized by a 
distinctive postural and intention tremor 

typically affecting the hands more than the legs, 
trunk, head, or voice.2,3 Essential tremor does not 
shorten life expectancy, but it can affect quality 
of life, functional activities, mood, and social-
ization.4-6

Class I evidence exists for propranolol and 
primidone as first-line medications that reduce 
tremor by approximately 60% in 50% of patients.7-11 
If resistance to medications develops or side ef-
fects are unacceptable, neurosurgical intervention 
is considered, primarily targeting the nucleus ven-
tralis intermedius of the thalamus, a component 
of tremor circuitry that connects the cerebellum 
with cortical motor pathways. Two surgical thera-
pies, radiofrequency thalamotomy and deep-brain 
stimulation, effectively suppress tremor,2-16 but 
relatively few patients choose surgery because of 
perceived invasiveness from the burr holes and 
intracerebral electrodes.

The use of ultrasound energy for the creation 
of discrete intracranial lesions (hereafter referred 
to as lesioning) has been of interest since the 
middle of the 20th century.17 Initial procedures 
required craniotomy to establish an acoustic win-
dow for the treatment of movement disorders 
and psychiatric conditions.18,19 The subsequent 
introduction of phased-array transducers20 elim-
inated the need for a craniotomy, and high-res-
olution imaging21,22 allows real-time, image-guid-
ed lesioning (see Fig. S1 in the Supplementary 
Appendix, available with the full text of this ar-
ticle at NEJM.org). Prospective pilot trials of fo-
cused ultrasound thalamotomy with magnetic 
resonance imaging (MRI) guidance in patients 
with essential tremor have shown reductions in 
hand tremor, improvements in quality of life, and 
minimal procedural morbidity.23-25 Here we describe 
the results of a prospective, sham-controlled trial 
of MRI-guided focused ultrasound thalamotomy 
for the treatment of medication-refractory essen-
tial tremor.

Me thods

Trial Design and Oversight

In this double-blind trial conducted at eight inter-
national centers, we randomly assigned patients 
in a 3:1 ratio to undergo focused ultrasound 
thalamotomy or a sham procedure in which no 

acoustic energy was delivered. The primary study 
end point was the change in tremor from baseline 
to 3 months, analyzed on the basis of videotaped 
assessments. After 3 months, patients in the sham-
procedure group could cross over to active treat-
ment (Fig. S2 in the Supplementary Appendix).

Representatives of the manufacturer of the 
focused ultrasound system used in the study 
(InSightec) provided study oversight and techni-
cal support and obtained national regulatory per-
missions. Independent institutional approval of 
the study was obtained by the research team at 
each participating center, and all patients gave 
written informed consent. Clinical oversight of the 
trial was provided by the principal investigator and 
an independent data and safety monitoring board. 
The authors vouch for the veracity and complete-
ness of the data and data analyses. The first au-
thor wrote the first draft of the manuscript, and 
all authors made the decision to submit the manu-
script for publication. The study was conducted 
with fidelity to the study protocol, which is avail-
able at NEJM.org.

Patients

Patients with essential tremor, diagnosed by a 
neurologist specializing in movement disorders, 
were enrolled on the basis of eligibility criteria that 
have been described previously.24 Briefly, patients 
were eligible if they had a postural or intention 
tremor of the hand that was moderate to severe 
(defined by a score of ≥2 on the Clinical Rating 
Scale for Tremor26 [CRST; scores range from 0 to 
4 per component assessed and higher scores indi-
cate more severe tremor]) and disabling (defined 
by a score of ≥2 on any of the eight items in the 
disability subsection of the CRST [scores range 
from 0 to 4 per item, and higher scores indicate 
greater disability]). Additional eligibility criteria 
were tremor that was refractory to at least two 
trials of medical therapy, including at least one 
first-line agent (propranolol or primidone). For 
patients receiving concurrent medical therapy, 
medication doses had to be stable for 30 days 
before randomization. Patients were excluded if 
they had a neurodegenerative condition, unstable 
cardiac disease, coagulopathy, risk factors for 
deep-vein thrombosis, severe depression (defined 
by a score ≥20 on Patient Health Questionnaire 
9 [scores range from 0 to 27, with higher scores 
indicating more severe depression]), or cognitive 
impairment (defined by a score of <24 on the 
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is available at 
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Mini–Mental State Examination [scores range from 
0 to 30, with lower values indicating greater im-
pairment]) or if they had undergone a previous 
brain procedure (transcranial magnetic stimula-
tion, deep-brain stimulation, stereotactic lesioning, 
or electroconvulsive therapy). A skull density ratio 
(the ratio of cortical to cancellous bone) of 0.45 
or more was required from the screening com-
puted tomographic (CT) scan.

From August 2013 through September 2014, 
we enrolled 81 patients and randomly assigned 
them to a study group. Five of these patients were 
excluded before undergoing the assigned proce-
dure because they met exclusionary criteria, as 
detailed in Figure S2 in the Supplementary Ap-
pendix. As predefined in the protocol and statis-
tical analysis plan, only the 76 patients in whom 
the study procedure was attempted or completed 
were included in the modified intention-to-treat 
analysis.

Focused Ultrasound Thalamotomy

The details of focused ultrasound thalamotomy 
have been described previously.23-25 Briefly, patients 
were placed in a stereotactic head frame that was 
coupled to an MRI-compatible ultrasound trans-
ducer. After stereotactic targeting with the use 
of MRI, acoustic energy was sequentially titrated 
to temperatures sufficient for tissue ablation (ap-
proximately 55 to 60°C). Each brief sonication 
was monitored with magnetic resonance ther-
mometry, and the patient was clinically assessed 
for tremor reduction and adverse effects (for de-
tails, see the description in the Supplementary 
Appendix).

For patients randomly assigned to undergo a 
sham procedure, an identical procedure was per-
formed with a randomized number of sonications 
for which the acoustic power was disengaged so 
that no acoustic energy was delivered to the brain. 
Only the treatment team was aware of the group 
assignments; patients and assessors were unaware 
of the assignments.

Outcome Assessments

Tremor assessments, based on the CRST,26 were 
performed at each site by a movement-disorder 
specialist, and functional status was determined 
on the basis of the rating for the disability sub-
section (Part C) of the CRST, as well as the disease-
specific, self-reported Quality of Life in Essential 
Tremor Questionnaire (QUEST).27 Tremor evalu-

ations were videotaped for primary analysis by 
an independent core group of neurologists (Trem-
or Research Group) at baseline and at 1, 3, 6, and 
12 months after treatment.

The primary efficacy outcome measure was 
defined as the change from baseline to 3 months 
in the tremor score for the hand in the thalamot-
omy group as compared with the sham-procedure 
group. The tremor score (on a scale ranging from 
0 to 32, with higher scores indicating more se-
vere tremor) was derived from the CRST, Part A 
(three items: resting, postural, and action or inten-
tion components of hand tremor), and the CRST, 
Part B (five tasks involving handwriting, drawing, 
and pouring), in the hand contralateral to the 
thalamotomy.

The three prespecified secondary efficacy mea-
sures were functional limitations in daily activities, 
measured according to eight items in the disabil-
ity subsection of the CRST (maximum overall 
score, 32; higher scores indicate greater disabil-
ity); quality of life, assessed with the QUEST at 
3 months; and the durability of the reduction in 
hand tremor at 12 months. We also performed a 
post hoc analysis of total tremor scores (maximum 
overall score for the most severe tremor, 152 points 
without supine assessments). Safety was assessed 
throughout the study on the basis of reported ad-
verse events. MRI was performed immediately af-
ter the study procedure and at 12 months.

Blinding

The study participants and the neurologist at each 
site were unaware of the treatment assignments 
throughout the first 3 months, and the primary 
assessors of the videotaped tremor evaluations 
were not involved in the study treatments and 
were unaware of the treatment assignments and 
the side that was treated (left vs. right). Since the 
patients’ heads were not covered, the assessors 
could see whether the videotapes showed preop-
erative or postoperative tremor evaluations; how-
ever, they could not determine whether the video-
tapes were taken 1, 3, 6, or 12 months after 
treatment.

Statistical Analysis

We calculated the sample size from pilot-study 
observations, accounting for a potential dropout 
rate of 20%. The null hypothesis was that thala-
motomy would be either the same as or inferior 
to the sham procedure with respect to the per-
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centage improvement in the primary end point. 
The alternative hypothesis was that thalamotomy 
would be superior to the sham procedure. Given 
a sample of at least 60 patients, the study had 
almost 100% power to show the primary efficacy 
of thalamotomy, assuming, on the basis of his-
torical results, average improvements of 78% and 
4% in the thalamotomy and sham-procedure 
groups, respectively (standard deviation, 25%). 
Power calculations were performed with the use 
of an independent-groups t-test, with a random-
ization ratio of 3:1 for assignment to thalamot-
omy versus the sham procedure. The probability 
of detecting an adverse event rate of 1% was 0.45, 
and the probability of a 5% rate was 0.95. The 
statistical analysis was planned and conducted 
with the assistance of the biostatistics team at 
TechnoSTAT. The statistical analysis plan (see the 
study protocol) was approved by the Food and 
Drug Administration (FDA).

We used a hierarchical testing design to con-
trol for multiple comparisons across the one 
primary and three prespecified secondary end 
points. The primary efficacy analysis was con-
firmed at an alpha level of 0.05, and then each 
of the three secondary efficacy end points was 
tested at an alpha level of 0.05. No confirmatory 
statements were made about other end points. 
Thus, type 1 error was controlled across all end 
points tested in this study.

A sensitivity analysis with multiple imputation 
was planned, but in the primary analysis, only two 
patients had missing data. Since worst-case and 
best-case scenarios yielded such similar results, 
additional imputation was not carried out. A sec-
ond sensitivity analysis, performed because five 
patients were found to meet exclusion criteria after 
randomization, confirmed that their exclusion 
had no effect on the results of the primary out-
come analysis (see the Supplementary Appendix). 
The data reported here were locked on Septem-
ber 17, 2015, and the report was finalized on Oc-
tober 14, 2015.

R esult s

Study Participants

The 76 patients had a mean (±SD) age of 71.0±8.3 
years (range, 47 to 89) and a mean disease dura-
tion of 16.8±12.3 years. Most of the patients were 
men (68%), right-handed (83%), and white (75%), 
and most had a family history of tremor (72%). 

The mean total CRST score for tremor severity 
was 49.5 (highest possible score, 152). Baseline 
tremor and demographic characteristics did not 
differ significantly between the randomized 
groups (Table 1).

Tremor

The mean score for hand tremor (highest pos-
sible score, 32) improved by 47% at 3 months 
(from 18.1±4.8 to 9.6±5.1) in the thalamotomy 
group and by 0.1% in the sham-procedure group 
(from 16.0±4.4 to 15.8±4.9). The between-group 
difference in the mean change at 3 months, the 
primary efficacy end point, was 8.3 points (95% 
confidence interval [CI], 5.9 to 10.7; P<0.001), 
indicating that there was greater improvement 
after focused ultrasound thalamotomy than after 
the sham procedure. The improvement in hand-
tremor scores in the patients who underwent fo-

Characteristic
FUS Thalamotomy 

(N = 56)
Sham Procedure 

(N = 20)

Age — yr 70.8±8.7 71.4±7.3

BMI† 26.9 27.9

Male sex — no. (%) 37 (66) 15 (75)

Race or ethnic group — no. (%)‡

White 41 (73) 16 (80)

Black 0 0

Asian 14 (25) 4 (20)

Hispanic 0 0

Other 1 (2) 0

Disease duration — yr

From initial symptoms 28.3±16.4 27.9±14.9

From initial diagnosis 16.4±13.1 17.8±10.2

From start of medical therapy 13.9±10.7 14.7±10.5

Tremor score§

Hand 18.1±4.8 16.0±4.4

Overall 50.1±14.0 44.1±12.7

*	�Plus–minus values are means ±SD. There were no significant differences in 
baseline characteristics between the two study groups. FUS denotes focused 
ultrasound.

†	�The body-mass index (BMI) is the weight in kilograms divided by the square 
of the height in meters.

‡	�Race or ethnic group was determined by the investigator.
§	� The tremor score was derived from the Clinical Rating Scale for Tremor, which 

ranges from 0 to 32 for tremor in the hand and from 0 to 152 overall. In this 
study, the hand tremor was measured in the hand contralateral to the thala-
motomy.

Table 1. Baseline Demographic and Clinical Characteristics of the Study 
Participants.*
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cused ultrasound thalamotomy persisted through-
out the 12-month study period (change in the 
tremor score from baseline to 12 months, 7.2 points; 
95% CI, 6.1 to 8.3; P<0.001), representing a 40% 
improvement (from a mean score of 18.1±4.8 to 
10.9±4.5) (Fig. 1A, and Table S1 in the Supple-
mentary Appendix). The tremor score for the 
hand ipsilateral to the thalamotomy showed no 
significant change (from 11.8±5.5 at baseline to 
11.6±5.5 at 3 months, P = 0.50).

A total of 21 participants (19 assigned to the 
sham procedure group who crossed over to thala-
motomy and 2 assigned to thalamotomy in whom 
the procedure was incomplete) were treated after 
the 3-month blinded assessment period. In this 
unblinded cohort, the mean score for tremor in 
the hand contralateral to the thalamotomy, as-
sessed according to the same videotape proce-
dures used for the 3-month assessment period, 
improved by 55% at 3 months (from 16.5±4.2 to 
7.4±3.9, P<0.001) and by 52% at 6 months (from 
16.5±4.2 to 8.0±3.9, P<0.001) (Table S1 and Fig. S3 
in the Supplementary Appendix).

Even with this unilateral procedure, mean to-
tal tremor scores on the CRST improved by 41% 
at 3 months (from 50.1±14.0 at baseline to 29.6±13) 
and by 35% at 12 months (from 50.1±14.0 to 
32.4±14.5). This improvement was not observed 
with the sham procedure; the mean total tremor 
score for patients who underwent the sham pro-
cedure was 44.1±12.7 at baseline and 43.1±13.1 
at 3 months, representing a 2% change (P<0.001 
for the between-group comparison of the change 
from baseline to 3 months). The improvement in 
total tremor scores in the cohort treated after the 
3-month blinded phase was similar to the improve-
ment in the patients who underwent thalamotomy 
during the blinded phase (Table S2 in the Sup-
plementary Appendix).

Functional Improvement and Quality of Life

Focused ultrasound thalamotomy significantly 
improved the total disability score from Part C 
of the CRST at 3 months, as compared with the 
sham procedure (a 62% reduction in the score from 
baseline to 3 months [from 16.5±4.6 to 6.2±5.6] 
vs. a 3% reduction [from 16.0±4.3 to 15.6±4.6], 
P<0.001), and the improvement was sustained at 
12 months (6.3±6.2). The mean disability scores 
at baseline were highest for drinking and writing. 
At 12 months, the score for every activity had im-
proved, with a reduction to a score of 0 (normal) 
or 1 (mild disability) for each item except writing 
(1.21±1.14) (Fig. 2A and 2B, and Table S3 in the 
Supplementary Appendix).

Patients’ ratings of their quality of life, assessed 
on the basis of the QUEST score, also improved 
significantly at 3 months after focused ultra-
sound thalamotomy as compared with the sham 
procedure (a 46% reduction in the score from 
baseline to 3 months [from 42.6±18.3 to 23.1±16.9] 
vs. a 3% reduction [from 42.8±19.5 to 41.4±19.4], 

Figure 1. Tremor Scores.

Panel A shows tremor scores at baseline and throughout the 12-month 
study period. The change from baseline to 3 months in the tremor score 
for the hand contralateral to the thalamotomy, the primary outcome mea-
sure, was derived from eight items on the Clinical Rating Scale for Tremor 
(CRST; scores range from 0 to 32, with higher scores indicating more se-
vere tremor). At 3 months, the mean score was reduced by 47% in the 
group assigned to unilateral focused ultrasound (FUS) thalamotomy, as 
compared with a reduction of 0.1% in the group assigned to the sham pro-
cedure (P<0.001). I bars indicate 95% confidence intervals. Panel B shows 
individual tremor responses at 3 months in the thalamotomy and sham-
procedure groups. The median improvement was 47% and 7% in the two 
groups, respectively. Negative values indicate worsening tremor.
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P<0.001) (Fig. 2C and 2D, and Table S4 in the 
Supplementary Appendix). The largest improve-
ment was in the psychosocial domain.

Adverse Events

Adverse events associated with focused ultra-
sound thalamotomy included gait disturbance in 
36% of patients and paresthesias or numbness in 
38%; these adverse events persisted at 12 months 
in 9% and 14% of patients, respectively (Table 2). 
The sensory side effects of numbness or paresthe-
sia involved the face (in 8 patients), hand (in 6), 
or both (in 6), presumably from involvement of 

the adjacent ventral posterolateral (sensory) nucle-
us. One patient had dense and permanent hypes-
thesia of the dominant thumb and index finger, 
categorized as a serious adverse event. Gait dis-
turbances also occurred, with ataxia noted on 
postoperative neurologic examination (in 11 pa-
tients [20%]) and at 12 months (in 2 patients [4%]). 
Subjective unsteadiness was reported by 9 patients 
(16%), which persisted at 12 months in 3 patients 
(5%). Weakness contralateral to the thalamotomy, 
probably resulting from internal-capsule involve-
ment, occurred in 2 patients, persisting for 6 
months in 1 and 12 months in the other. Intra-

Figure 2. Functional Activities of Daily Living and Quality of Life.

Panel A shows total disability scores, which were significantly improved at 3 months (P<0.001 for the between-
group difference in the change from baseline) with unilateral FUS thalamotomy but not with the sham procedure. 
Panel B shows the percent improvement at 3 months after thalamotomy in individual activities typically affected by 
essential tremor. These eight items represent the disability subsection, or Part C, of the CRST. Panel C shows scores 
for patient-reported quality of life on the Quality of Life in Essential Tremor Questionnaire (QUEST). Scores were sig-
nificantly improved at 3 months in the thalamotomy group as compared with the sham-procedure group (P<0.001 for 
the between-group difference in the change from baseline). Panel D shows the percent improvement at 3 months after 
thalamotomy in individual domains of the QUEST. The largest improvement in quality of life reported by patients 
was in the psychosocial domain.
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procedural sensations resolved within seconds after 
the delivery of acoustic energy (Table 2). A similar 
profile of side effects was observed in the unblind-
ed cohort of patients undergoing focused ultra-

sound thalamotomy (Table S5 in the Supplementary 
Appendix). One patient had a transient ischemic 
attack 6 weeks after undergoing thalamotomy 
(Table S6 in the Supplementary Appendix).

Adverse Event
FUS Thalamotomy 

(N = 56)

Sham 
Procedure 

(N = 20)

Total 1 Day 7 Days 1 Mo 3 Mo 6 Mo 12 Mo

number of patients (percent)

Paresthesia or numbness

Any region 21 (38) 18 17 16 14 11 8 (14) 1 (5)

Both face and hand 6 (11) 5 5 5 5 5 5 (9)

Face, lips, and tongue 8 (14) 7 6 6 6 4 2 (4)

Hand and fingers 6 (11) 5 5 4 2 1 1 (2) 1 (5)

Leg 1 (2) 1 1 1 1 1

Taste disturbance 3 (5) 3 2 2 2 2 2 (4)

Gait disturbance†

Any, objective or subjective 20 (36) 19 18 13 9 7 5 (9) 1 (5)

Ataxia, noted objectively on examination 11 (20) 11 10 6 2 2 2 (4)

“Unsteady” or “unbalanced,” reported subjectively 
by examiner or patient

9 (16) 8 8 7 7 5 3 (5) 1 (5)

Dysmetria, limb 7 (12) 7 7 5 5 4 2 (4)

Weakness, contralateral 2 (4) 2 2 2 2 2 1 (2)

Dysarthria 1 (2) 1 1 1 1 1

Dysphagia 1 (2) 1 1 1 1 1

Headache lasting >1 day 8 (14) 8 4 4 2 2 4 (20)

Fatigue 3 (5) 3 3 2 1 1 (5)

Disequilibrium sensation 5 (9) 5 5 5 3 2 1 (2)

Tinnitus 3 (5) 3 3 1

Intraprocedural sensations or events‡

Head discomfort: “heat” or “pressure” 17 (30)

Vertigo: “dizzy” 12 (21)

Nausea 11 (20) 2 (10)

Vomiting 2 (4)

Scalp tingling 4 (7) 1 (5)

Back pain 5 (9) 1 (5)

Anxiety 3 (5) 2 (10)

Pin-site pain, edema, or bruising attributable to place-
ment of the stereotactic frame

17 (30) 7 (35)

No adverse events 6 (11) 8 (40)

*	�Adverse events reported at 12 months are still ongoing. Adverse events in the unblinded cohort (i.e., 21 patients who underwent thalamoto-
my after the initial 3-month period) and events that were deemed to be unrelated to the study procedures are listed in Tables S5 and S6, re-
spectively, in the Supplementary Appendix.

†	�Five patients with gait disturbances were prescribed physical therapy, and one patient with persistent ataxia required a walker for ambula-
tion.

‡	�Intraprocedural sensations and events were brief and resolved by the end of the procedure. Five thalamotomy procedures were interrupted 
or suspended because of pain, nausea, vertigo, or vomiting.

Table 2. Adverse Events.*

The New England Journal of Medicine 
Downloaded from nejm.org by KEVIN ROSTEING on September 2, 2016. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 



n engl j med 375;8  nejm.org  August 25, 2016 737

Focused Ultr asound Thalamotomy for Essential Tremor

Sonications

For the 56 patients undergoing focused ultra-
sound thalamotomy, a mean of 18.5±5.2 sonica-
tions were administered. The highest-energy 
sonication for tissue ablation delivered a mean 
acoustic energy of 14,497.0±6695.7 J (range, 3500 
to 34,860), which resulted in a mean peak voxel 
temperature of 55.6±2.3°C (range, 50.0 to 60.7). 
The sham-procedure cohort received an average 
of 15.3±2.3 sonications, with no energy or heat-
ing delivered. In 39 active treatments, intraop-
erative clinical or imaging feedback led to a 
mean adjustment in the stereotactic target loca-
tion by 1.6±1.1 mm (range, 1.1 to 5.5). In 5 pa-
tients, the full therapeutic temperature could not 
be achieved, despite their receiving similar doses 
of acoustic energy.

Survey of Patients and Assessors about 
Randomized Assignments

Special procedures were implemented to ensure 
blinding of the treatment assignments. Even so, 
95% of patients who underwent active treatment 
and 80% of those who underwent the sham pro-
cedure correctly guessed their assignment im-
mediately after the procedure. At the end of the 
3-month blinded phase, the correct guesses were 
86% and 95%, respectively, with patients accred-
iting their opinion to the clinical effect of the 
treatment or lack thereof. Assessors who re-
viewed the videotaped examinations at 3 months 
correctly identified the treatment assignment for 
70% of the patients in the active-treatment 
group and 75% of those in the sham-procedure 
group, most likely on the basis of the presence 
or absence of a clinical effect.

Discussion

In this randomized, controlled trial involving 76 
patients with medication-refractory essential trem-
or, transcranial focused ultrasound thalamotomy 
significantly reduced hand tremor at 3 months, 
and the effect persisted during the 12-month study 
period. This unilateral procedure reduced disabil-
ity and improved quality of life as measured by a 
patient questionnaire that is specific for essential 
tremor.

The trial was controlled with a sham procedure, 
and the results show that tremor reduction was 
related to treatment, not a placebo effect. In ad-
dition, the Tremor Research Group, a group of 

experts who were not involved in the treatments, 
was recruited to objectively evaluate the clinical 
outcomes from videotape analysis. There was high 
accountability in this trial, with 97% of patients 
completing study visits throughout the 3-month 
primary assessment period, and 91% of the thala-
motomy group assessed through 12 months (Fig. 
S2 in the Supplementary Appendix).

Even though the procedure is transcranial and 
involves no incision or craniotomy, it does create 
a thalamic lesion, which can result in permanent 
neurologic deficits. There were 74 neurologic ad-
verse events reported in the 56 patients who under-
went active treatment. The most common side 
effect was an alteration in sensation, which was 
reported by 38% of the patients and persisted at 
12 months in 14%. Gait disturbance occurred in 
36% of patients and persisted at 12 months in 
9%. The incidence of cerebellar deficits such as 
dysmetria, ataxia, and subjective unsteadiness of 
gait approached 5% each at 12 months. There were 
no infectious or hemorrhagic events, but contra-
lateral weakness occurred twice. Qualitatively, the 
intensity of side effects seemed to peak at ap-
proximately 1 week, corresponding to the maximal 
size of the lesion with perilesional edema.28

Although randomized, controlled studies of 
medical therapies have shown tremor reductions 
in roughly 50% of study participants, these stud-
ies were performed at the early stages of the dis-
ease.9-11 The current trial shows that focused ultra-
sound thalamotomy can further control tremor 
when it has become advanced and resistant to 
medication.

Deep-brain stimulation is currently the surgi-
cal standard for medication-refractory essential 
tremor. Since FDA approval of the procedure in 
1997, numerous studies have confirmed that it is 
highly effective for tremor suppression, but 
guidelines have classified the findings as level C 
evidence in the absence of placebo-controlled 
trials.7,8,11 Deep-brain stimulation has been safe-
ly administered for bilateral and axial symptoms. 
The procedure requires surgical placement of a 
neurostimulator that can be reversed and adjusted 
to minimize side effects. Focused ultrasound 
thalamotomy is also an invasive intervention, 
which can result in permanent side effects as a 
consequence of tissue ablation. A control group of 
patients undergoing deep-brain stimulation was 
not included in this trial; the two technologies 
were not compared.
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Stereotactic radiofrequency thalamotomy for 
tremor has been available since the 1950s, with 
numerous retrospective studies documenting ef-
ficacy13,16 similar to that of thalamic stimula-
tion.29-31 Recently, a prospective, uncontrolled trial 
of stereotactic radiosurgery showed improve-
ments in tremor from blinded, videotaped ratings 
at 1 year.32 Radiosurgical thalamotomy has not 
been embraced because intraoperative validation 
is not possible, the effects are delayed, and there 
are theoretical concerns about radiation side ef-
fects, secondary neoplasia, and a less-sharp dose 
gradient.33,34

Our study has several limitations. First, the 
procedures were all performed unilaterally. Al-
though unilateral focused ultrasound thalamot-
omy improved total tremor scores by 47% in the 
study cohort, there was no reduction of ipsilat-
eral tremor and only minimal improvement in 
axial tremors of the head, neck, and voice. Sec-
ond, some patients may be reluctant or unwill-
ing to undergo MRI studies or it may be unsafe 
for them to do so. Third, lesioning procedures 
require a balance between the size of the lesion 
and the risk of adverse effects, since larger lesions 
are expected to have more enduring efficacy but 
a greater incidence of side effects. Finally, tran-
scranial delivery of focused ultrasound was diffi-
cult to achieve in five of the study patients, prob-
ably because of the frequency and other properties 

of the acoustic wave, as well as individual cranial 
characteristics. Additional research is needed to 
address this issue.

In conclusion, our study showed that MRI-
guided focused ultrasound thalamotomy reduced 
hand tremor and improved the quality of life in 
patients with essential tremor. Side effects includ-
ed sensory and gait disturbances. The benefits and 
risks of focused ultrasound thalamotomy per-
formed in a carefully controlled clinical trial may 
differ from the benefits and risks with routine 
practice in diverse clinical settings.

Supported by InSightec, the Focused Ultrasound Foundation, 
and the Binational Industrial Research and Development (BIRD) 
Foundation.

Dr. Elias reports receiving grant support from InSightec and 
the Focused Ultrasound Foundation; Dr. Lipsman, receiving fees 
from the Focused Ultrasound Foundation for serving on a steer-
ing committee; Dr. Ghanouni and Dr. Butts Pauly, receiving 
grant support from InSightec and GE Healthcare; Dr. Hynynen, 
receiving royalties from a patent related to ultrasound therapy 
(US6770031 B2); Dr. Lozano, receiving grant support from In-
Sightec; Dr. Gwinn, receiving teaching fees from NeuroPace and 
Boston Scientific; Dr. Cosgrove, receiving consulting fees from 
InSightec; and Dr. Taira, receiving lecture fees from Daiichi-
Sankyo, Eisai, GlaxoSmithKline, Otsuka, Pfizer, Hisamitsu, 
Dainippon-Sumitomo, Takeda, and Kyowa-Hakko, and grant 
support from St. Jude Medical. No other potential conflict of 
interest relevant to this article was reported.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

We thank Rodger Elble, M.D., Ludy Shih, M.D., Peter Lewitt, 
M.D., Raj Pahwa, M.D., Dan Tarsy, M.D., and Theresa Zesiewicz, 
M.D., of the Tremor Research Group for performing videotape 
tremor ratings, and Vera Hashem, Ph.D., for coordinating the 
core laboratory.

References
1.	 Louis ED, Ferreira JJ. How common is 
the most common adult movement disor-
der? Update on the worldwide prevalence 
of essential tremor. Mov Disord 2010;​25:​
534-41.
2.	 Ho AL, Erickson-Direnzo E, Pend-
harkar AV, Sung CK, Halpern CH. Deep 
brain stimulation for vocal tremor: a com-
prehensive, multidisciplinary methodolo-
gy. Neurosurg Focus 2015;​38(6):​E6.
3.	 Elias WJ, Shah BB. Tremor. JAMA 
2014;​311:​948-54.
4.	 Lorenz D, Schwieger D, Moises H, 
Deuschl G. Quality of life and personality 
in essential tremor patients. Mov Disord 
2006;​21:​1114-8.
5.	 Louis ED, Machado DG. Tremor-relat-
ed quality of life: a comparison of essen-
tial tremor vs.  Parkinson’s disease pa-
tients. Parkinsonism Relat Disord 2015;​
21:​729-35.
6.	 Schneier FR, Barnes LF, Albert SM, 
Louis ED. Characteristics of social phobia 
among persons with essential tremor.  
J Clin Psychiatry 2001;​62:​367-72.

7.	 Deuschl G, Bain P, Brin M;​ Ad Hoc 
Scientific Committee. Consensus state-
ment of the Movement Disorder Society 
on Tremor. Mov Disord 1998;​13:​Suppl 3:​
2-23.
8.	 Deuschl G, Raethjen J, Hellriegel H, 
Elble R. Treatment of patients with essen-
tial tremor. Lancet Neurol 2011;​10:​148-61.
9.	 Findley LJ, Calzetti S. Double-blind 
controlled study of primidone in essential 
tremor: preliminary results. Br Med J 
(Clin Res Ed) 1982;​285:​608.
10.	 Winkler GF, Young RR. Efficacy of 
chronic propranolol therapy in action 
tremors of the familial, senile or essential 
varieties. N Engl J Med 1974;​290:​984-8.
11.	 Zesiewicz TA, Elble R, Louis ED, et al. 
Practice parameter: therapies for essen-
tial tremor: report of the Quality Stan-
dards Subcommittee of the American 
Academy of Neurology. Neurology 2005;​
64:​2008-20.
12.	Benabid AL, Pollak P, Seigneuret E, 
Hoffmann D, Gay E, Perret J. Chronic VIM 
thalamic stimulation in Parkinson’s dis-

ease, essential tremor and extra-pyrami-
dal dyskinesias. Acta Neurochir Suppl 
(Wien) 1993;​58:​39-44.
13.	 Goldman MS, Kelly PJ. Stereotactic 
thalamotomy for medically intractable es-
sential tremor. Stereotact Funct Neuro-
surg 1992;​58:​22-5.
14.	 Koller W, Pahwa R, Busenbark K, et 
al. High-frequency unilateral thalamic 
stimulation in the treatment of essential 
and parkinsonian tremor. Ann Neurol 
1997;​42:​292-9.
15.	 Kumar K, Kelly M, Toth C. Deep brain 
stimulation of the ventral intermediate 
nucleus of the thalamus for control of 
tremors in Parkinson’s disease and essen-
tial tremor. Stereotact Funct Neurosurg 
1999;​72:​47-61.
16.	 Zirh A, Reich SG, Dougherty PM, 
Lenz FA. Stereotactic thalamotomy in the 
treatment of essential tremor of the upper 
extremity: reassessment including a blind-
ed measure of outcome. J Neurol Neuro-
surg Psychiatry 1999;​66:​772-5.
17.	 Fry WJ, Mosberg WH Jr, Barnard JW, 

The New England Journal of Medicine 
Downloaded from nejm.org by KEVIN ROSTEING on September 2, 2016. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 



n engl j med 375;8  nejm.org  August 25, 2016 739

Focused Ultr asound Thalamotomy for Essential Tremor

Fry FJ. Production of focal destructive le-
sions in the central nervous system with 
ultrasound. J Neurosurg 1954;​11:​471-8.
18.	Meyers R, Fry WJ, Fry FJ, Dreyer LL, 
Schultz DF, Noyes RF. Early experiences 
with ultrasonic irradiation of the pallidofu-
gal and nigral complexes in hyperkinetic 
and hypertonic disorders. J Neurosurg 
1959;​16:​32-54.
19.	 Nelson E, Lindstrom PA, Haymaker 
W. Pathological effects of ultrasound on 
the human brain: a study of 25 cases in 
which ultrasonic irradiation was used as a 
lobotomy procedure. J Neuropathol Exp 
Neurol 1959;​18:​489-508.
20.	Clement GT, White J, Hynynen K. In-
vestigation of a large-area phased array 
for focused ultrasound surgery through 
the skull. Phys Med Biol 2000;​45:​1071-83.
21.	Hynynen K, Vykhodtseva NI, Chung 
AH, Sorrentino V, Colucci V, Jolesz FA. 
Thermal effects of focused ultrasound on 
the brain: determination with MR imag-
ing. Radiology 1997;​204:​247-53.
22.	McDannold N, Moss M, Killiany R, et 
al. MRI-guided focused ultrasound sur-
gery in the brain: tests in a primate mod-
el. Magn Reson Med 2003;​49:​1188-91.
23.	 Chang WS, Jung HH, Kweon EJ, Zadi-
cario E, Rachmilevitch I, Chang JW. Uni-

lateral magnetic resonance guided focused 
ultrasound thalamotomy for essential 
tremor: practices and clinicoradiological 
outcomes. J Neurol Neurosurg Psychiatry 
2015;​86:​257-64.
24.	 Elias WJ, Huss D, Voss T, et al. A pilot 
study of focused ultrasound thalamotomy 
for essential tremor. N Engl J Med 2013;​
369:​640-8.
25.	 Lipsman N, Schwartz ML, Huang Y, et 
al. MR-guided focused ultrasound thala-
motomy for essential tremor: a proof-of-
concept study. Lancet Neurol 2013;​12:​
462-8.
26.	 Stacy MA, Elble RJ, Ondo WG, Wu SC, 
Hulihan J. Assessment of interrater and 
intrarater reliability of the Fahn-Tolosa-
Marin Tremor Rating Scale in essential 
tremor. Mov Disord 2007;​22:​833-8.
27.	 Tröster AI, Pahwa R, Fields JA, Tanner 
CM, Lyons KE. Quality of life in Essential 
Tremor Questionnaire (QUEST): develop-
ment and initial validation. Parkinsonism 
Relat Disord 2005;​11:​367-73.
28.	Wintermark M, Druzgal J, Huss DS, et 
al. Imaging findings in MR imaging-
guided focused ultrasound treatment for 
patients with essential tremor. AJNR Am 
J Neuroradiol 2014;​35:​891-6.
29.	 Anderson VC, Burchiel KJ, Hart MJ, 

Berk C, Lou JS. A randomized comparison 
of thalamic stimulation and lesion on 
self-paced finger movement in essential 
tremor. Neurosci Lett 2009;​462:​166-70.
30.	 Schuurman PR, Bosch DA, Bossuyt 
PMM, et al. A comparison of continuous 
thalamic stimulation and thalamotomy 
for suppression of severe tremor. N Engl J 
Med 2000;​342:​461-8.
31.	 Tasker RR. Deep brain stimulation is 
preferable to thalamotomy for tremor 
suppression. Surg Neurol 1998;​49:​145-
53.
32.	Witjas T, Carron R, Krack P, et al.  
A prospective single-blind study of Gamma 
Knife thalamotomy for tremor. Neurology 
2015;​85:​1562-8.
33.	 Elias WJ, Khaled M, Hilliard JD, et al. 
A magnetic resonance imaging, histo-
logical, and dose modeling comparison 
of focused ultrasound, radiofrequency, 
and Gamma Knife radiosurgery lesions in 
swine thalamus. J Neurosurg 2013;​119:​
307-17.
34.	 Lee MSD, ter Haar G, Sela B, et al. 
Thermal dose and radiation dose com-
parison based on cell survival. J Ther Ul-
trasound 2015;​3:​Suppl 1:​26.10.1186/2050-
5736-3-S1-P26
Copyright © 2016 Massachusetts Medical Society.

TRACK THIS ARTICLE’S IMPACT AND REACH

Visit the article page at NEJM.org and click on the Metrics tab for a dashboard  
that logs views, citations, media references, and commentary, with easy linking. 

Learn more at www.nejm.org/page/article-metrics-faq.

The New England Journal of Medicine 
Downloaded from nejm.org by KEVIN ROSTEING on September 2, 2016. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 


