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OBJECTIVE The objective of this study was to evaluate, at 4 and 5 years posttreatment, the long-term safety and ef-
ficacy of unilateral MRI-guided focused ultrasound (MRgFUS) thalamotomy for medication-refractory essential tremor in
a cohort of patients from a prospective, controlled, multicenter clinical trial.

METHODS Outcomes per the Clinical Rating Scale for Tremor (CRST), including postural tremor scores (CRST Part
A), combined hand tremor/motor scores (CRST Parts A and B), and functional disability scores (CRST Part C), were
measured by a qualified neurologist. The Quality of Life in Essential Tremor Questionnaire (QUEST) was used to assess
quality of life. CRST and QUEST scores at 48 and 60 months post-MRgFUS were compared to those at baseline to as-
sess treatment efficacy and durability. All adverse events (AEs) were reported.

RESULTS Forty-five and 40 patients completed the 4- and 5-year follow-ups, respectively. CRST scores for postural
tremor (Part A) for the treated hand remained significantly improved by 73.3% and 73.1% from baseline at both 48 and
60 months posttreatment, respectively (both p < 0.0001). Combined hand tremor/motor scores (Parts A and B) also
improved by 49.5% and 40.4% (p < 0.0001) at each respective time point. Functional disability scores (Part C) increased
slightly over time but remained significantly improved through the 5 years (p < 0.0001). Similarly, QUEST scores
remained significantly improved from baseline at year 4 (p < 0.0001) and year 5 (p < 0.0003). All previously reported AEs
remained mild or moderate, and no new AEs were reported.

CONCLUSIONS Unilateral MRgFUS thalamotomy demonstrates sustained and significant tremor improvement at 5
years with an overall improvement in quality-of-life measures and without any progressive or delayed complications.

Clinical trial registration no.: NCT01827904 (ClinicalTrials.gov)
https://thejns.org/doi/abs/10.3171/2022.6.JNS212483
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RANSCRANIAL  MRI-guided focused ultrasound mometry, and submillimeter adjustments based on patient

I (MRgFUS) thalamotomy of the ventral interme- feedback prior to lesioning.! The ExAblate 4000 system
diate (Vim) nucleus for the treatment of essential (InSightec Ltd.) and the procedure used for unilateral
tremor (ET) is a recently developed, incisionless tech- MRgFUS Vim thalamotomy have been previously de-

nique incorporating intraprocedural MRI, real-time ther- scribed.?

ABBREVIATIONS AE = adverse event; CRST = Clinical Rating Scale for Tremor; DBS = deep brain stimulation; ET = essential tremor; MRgFUS = MRI-guided focused
ultrasound; QUEST = Quality of Life in Essential Tremor Questionnaire; Vim = ventral intermediate.
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A multicenter, randomized, double-blind, sham-con-
trolled trial of unilateral MRgFUS Vim thalamotomy
in patients with medication-refractory ET demonstrated
significant tremor reduction in the treated hand and sig-
nificant disability reduction, which led to FDA approval
for this indication.? That same cohort was reported on by
Chang et al.* and Halpern et al.* at 2 and 3 years post-
treatment, respectively, detailing continued tremor reduc-
tion and disability improvement. In the current open-label
study, the largest prospective, long-term follow-up study
of unilateral thalamotomy for ET, we evaluated that same
population for tremor reduction, disability, and treatment-
related side effects at the 5-year follow-up.

Methods

This long-term postinterventional observational clini-
cal trial (registration no.: NCT01827904; http://www.clini-
caltrials.gov) was designed to follow device-related safety,
long-term effectiveness, and quality of life for participants
who had undergone MRgFUS thalamotomy under an in-
vestigational device exemption. Written informed consent
was obtained from all study participants according to the
protocol approved by FDA and the institutional review
board of each participating center.

Patients with moderate to severe ET, diagnosed by a
neurologist with expertise in movement disorders, were
enrolled in the original protocol. The disorder in all par-
ticipants was medication refractory, and all patients ex-
hibited significant disability resulting from their ET. Full
eligibility criteria have been described previously.? Study
participants were evaluated at baseline and 1, 3, 6, and 12
months posttreatment under the original protocol.? Annu-
ally, at years 2 through 5, assessments were performed to
assess long-term safety, effectiveness, and quality of life.
Any study participant who underwent a subsequent inter-
vention for ET (not including medication changes) on their
treated side at any point during the 5-year follow-up pe-
riod was excluded from further analysis.

After patient preparation and positioning, stereotac-
tic targeting with the use of MRI and patient neurologi-
cal feedback was utilized to identify the Vim nucleus of
the thalamus. Acoustic energy was gradually titrated to
achieve thermal ablation, with peak voxel temperatures of
55°C-60°C in the target region. Real-time MR thermome-
try was monitored, and patients were continually assessed
for safety and tremor response throughout the procedure.

Treatment effectiveness was assessed primarily using
the Clinical Rating Scale for Tremor (CRST),'> which was
administered and scored by a qualified neurologist. The
tremor severity score, evaluated by the postural compo-
nent of tremor (CRST Part A, range O to 4), was reported.
The combined tremor/motor score of the treated hand,
contralateral to the thalamotomy (range O to 32), was cal-
culated as the sum of CRST Part A (resting, postural, and
action components of tremor) and CRST Part B (hand-
writing, drawing, and pouring tasks). The CRST Part C
was used to evaluate the patient functional/disability sta-
tus (range O to 32). The CRST was assessed at baseline
and at all follow-up visits.

A secondary measure of effectiveness was the Quality
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of Life in Essential Tremor Questionnaire (QUEST), a 30-
item, self-reported questionnaire that assesses the effect of
tremor symptoms on activities of daily living.’

To evaluate safety, the long-term incidence and severity
of adverse events (AEs) were noted at all study follow-ups.
All AEs were categorized by the investigators as definitely,
probably, possibly, or not related to the device or study pro-
cedure. All events categorized as definitely or probably re-
lated to the procedure or device and sustained up to 3 years
or later are reported here. The standard Code of Federal
Regulation definitions were used to assess for serious AEs.

Statistical Analysis

All patients who had undergone MRgFUS thalamot-
omy were included in the safety analysis. All observed
data collected at follow-up visits through the 5-year time
point were analyzed for effectiveness. Effectiveness was
measured at each annual visit by the CRST and QUEST
score reduction from baseline and by the mean percent of
change from baseline, calculated for the patients who at-
tended these visits.

Descriptive statistics were applied to calculate the sig-
nificance of the mean score reduction per visit: paired
t-tests were used to calculate p values to show the like-
lihood of the observed differences between baseline and
each long-term follow-up time point (12 months and 2,
3,4, and 5 years. GraphPad Prism version 9.2.0 software
(GraphPad Software) was used. A p value < 0.05 was con-
sidered statistically significant. Mean values are expressed
with the standard deviation.

Results

Seventy-six patients were enrolled in the original pro-
tocol, 56 in the treatment arm and 20 in the sham arm.
After unblinding at the 3-month follow-up, patients from
the sham arm could cross over and undergo MRgFUS
thalamotomy. One patient in the sham arm chose to exit
the study prior to treatment, and 19 chose to proceed with
treatment. Therefore, 75 patients underwent unilateral
MRgFUS thalamotomy. While attempts were made to
complete all study visits specified by the long-term proto-
col, some patients exited the study earlier. Ultimately, 70
patients were observed at 12 months, 50 at 2 years, 52 at
3 years, 45 at 4 years, and 40 at 5 years. Patient dropout
during the first 3 years posttreatment has been previously
described and discussed.** One patient underwent deep
brain stimulation (DBS) because of tremor during the 3rd
year and another one during the 4th year of follow-up. All
other patients exited the study because of unrelated medi-
cal conditions (Table 1).

Of the 40 patients who completed the 5-year follow-up,
30 are male and 10 are female; 29 are White and 11 are
Asian. The mean age at the 5-year follow-up was 75 + 8.4
years.

Efficacy Results

The tremor severity score (postural component of
CRST Part A) for the treated side remained improved
between baseline and each time point (p < 0.0001). The
mean postural tremor scores were 3 + 0.97 at baseline,
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TABLE 1. Patient disposition

Year Year Year Year Year
Factor 1 2 3 4 5

No. of patients (at start n = 75) 70 50 52 45 40

Unwilling to return

Lost contact

Alternative procedure

Unrelated new medical condition
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0.84 + 1.0 at the 1-year time point, 0.68 +0.84 at the 2-year
time point, 0.77 + 0.96 at the 3-year time point, 0.8 + 1.1
at the 4-year time point, and 0.8 + 1.0 at the 5-year time
point (Fig. 1A). These values represent a mean percent of
change of 72.6%, 77.0%, 76.1%, 73.3%, and 73.1% from
baseline to the 1-,2-, 3-,4-, and 5-year time points, respec-
tively (Fig. 1B).

The observed mean composite tremor/motor score
(CRST Parts A and B), the primary endpoint of the origi-
nal randomized controlled trial,> remained improved
between baseline and each time point (p < 0.0001). The
mean composite motor scores were 20 + 4.7 at baseline,
8.9 + 4.8 at the 1-year time point, 8.3 + 5.0 at the 2-year
time point, 9.5 + 5.4 at the 3-year time point, 9.6 + 5.8
at the 4-year time point, and 11 + 6.5 at the 5-year time
point (Fig. 2A). These values represent a mean percent of
change of 54.7%, 56.2%, 52.1%, 49.5%, and 40.4% from
baseline to the 1-, 2-, 3-,4-, and 5-year time points, respec-
tively (Fig. 2B).

The observed mean disability scores (CRST Part C)
remained improved between baseline and each time point
(p < 0.0001). The mean disability scores were 16 + 4.6 at
baseline, 5.6 + 5.4 at the 1-year time point, 6.5 + 5.0 at the
2-year time point, 7.5 + 6.1 at the 3-year time point, 8.4
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+ 6.9 at the 4-year time point, and 8.9 + 6.6 at the 5-year
time point (Fig. 3A). These values represent a mean per-
cent of change of 67.4%, 60.1%, 56.1%, 49.0%, and 44.5%
from baseline to the 1-, 2-, 3-, 4-, and 5-year time points,
respectively (Fig. 3B).

The total QUEST scores remained improved between
baseline and each time point (p < 0.0001 for years 1-4,p <
0.0003 for year 5). The mean total QUEST scores were 43
+ 18 at baseline, 20 + 17 at the 1-year time point, 25 + 21
at the 2-year time point, 26 + 21 at the 3-year time point,
28 + 19 at the 4-year time point, and 30 + 20 at the 5-year
time point (Fig. 4).

When looking individually at each dimension of the
QUEST, the physical and psychological subscores im-
proved from baseline to the 1-year follow-up (p < 0.0001),
and these levels of significance were maintained over 5
years of follow-up. Specifically, the physical dimension
subscore was 73 + 19 at baseline and decreased to 32 +
27 at 12 months, 35 + 24 at 2 years, 40 + 25 at 3 years, 44
+ 26 at 4 years, and 46 + 25 at 5 years (p < 0.0001 for all
comparisons; Fig. 5A). The psychological dimension was
41 + 24 at baseline and decreased to 13 + 17 at 12 months
and to 18 + 21, 17 £ 19, 18 + 17, and 19 + 19 at the 2-, 3-,
4-, and 5-year visits, respectively (p < 0.0001 for all com-
parisons; Fig. 5B).

The QUEST work and finance dimension was im-
proved from baseline at 1 year. The improvement from
baseline was maintained over the 5 years with various lev-
els of significance. At 4 and 5 years, the follow-up scores
were improved from a baseline of 28 + 31 to 18 + 25 (p <
0.0001) and 20 + 26 (p = 0.0076), respectively (Fig. 5C).

The hobbies and leisure dimension subscore improved
from baseline to 1 year, but the improvement gradually
decreased over the years. Furthermore, the change from
baseline was not significant at year 5 of follow-up (p =
0.4460). There was little change from baseline in the com-
munication dimension throughout the follow-up.
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FIG. 1. A: Observed change in CRST Part A (postural tremor) scores from baseline (BL) at the annual follow-up, calculated by
separate t-tests per visit. Boxes indicate medians with interquartile ranges; whiskers, ranges; and plus signs, means. The mean
score values (standard deviations) are noted in blue type. B: Mean observed change in CRST Part A (postural tremor) scores from
baseline at the annual follow-up. Mo = month. Figure is available in color online only.
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FIG. 2. A: Observed change in CRST Parts A and B (tremor/motor) scores from baseline at the annual follow-up, calculated by
separate t-tests per visit. Boxes indicate medians with interquartile ranges; whiskers, ranges; and plus signs, means. The mean
score values (standard deviations) are noted in blue type. B: Mean observed change in CRST Parts A and B (tremor/motor) scores
from baseline at the annual follow-up. Figure is available in color online only.

Safety Results

AEs were collected and recorded for all 76 study pa-
tients who had enrolled and randomized in the original tri-
al.? At each follow-up visit, patients were evaluated for any
new AEs and the severity of existing AEs was assessed.
Two of the patients in the original ExAblate treatment
group? underwent an additional (open label) MRgFUS
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procedure during the 1st follow-up year because of techni-
cal issues that had prevented completion of the first proce-
dure, and one of the sham-group patients did not cross over
to the treatment arm (n = 19). The number of treatments (n
= 77) was used to evaluate safety, rather than the number
of enrolled patients (n = 76) or the number of patients who
underwent MRgFUS as part of the study (n = 75).
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FIG. 3. A: Observed change in CRST Part C (disability) scores from baseline at the annual follow-up, calculated by separate t-
tests per visit. Boxes indicate medians with interquartile ranges; whiskers, ranges; and plus signs, means. The mean score values
(standard deviations) are noted in blue type. B: Mean observed change in CRST Part C (disability) scores from baseline at the
annual follow-up. Figure is available in color online only.
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FIG. 4. Observed change in total QUEST scores from baseline at the
annual follow-up, calculated by separate t-tests per visit. Boxes indicate
medians with interquartile ranges; whiskers, ranges; and plus signs,
means. The mean score values (standard deviations) are noted in blue
type. Figure is available in color online only.

There were no serious AEs recorded at 5 years. All re-
corded AEs at the 4- and 5-year follow-ups were classified
as mild (71%) or moderate (29%) by the study investiga-
tors. There were no new AEs related to or probably related
to the procedure from the 12-month time point to the last
follow-up at 5 years. Overall, at completion of the 5-year
follow-up, the remaining AEs included paresthesia (8 pa-
tients), imbalance (6), unsteadiness (2), gait disturbances
(2), limb weakness (2), dysmetria (2), dysgeusia (2), slow
movements (1), and head pressure (1).

Cosgrove et al.

Discussion

The most common surgical approach for intractable
disabling tremor has been thalamic DBS. The obvious
advantages of DBS include its adjustability for optimiz-
ing efficacy and minimizing adverse effects as well as its
feasibility for bilateral treatment. However, some disad-
vantages of DBS include the need for ongoing adjustment,
battery replacement, device-related issues, and the surgi-
cal risks of intracranial bleeding and infection. Patients
with significant medical illness, elderly patients, or pa-
tients who are unwilling to have an invasive neurosurgical
procedure with permanently implanted hardware might
consider MRgFUS as an appropriate alternative to DBS if
the safety and efficacy profiles were similar.

This study represents the longest follow-up reported for
MRgFUS thalamotomy and one of the largest multicenter
cohorts at 5 years for thalamotomy of any method. The
CRST Part A (posture) scores and the combined Parts A
and B (tremor/motor) scores represent a specific and rela-
tively isolated assessment of overall tremor control. The
significant and sustained improvements over this extended
time period demonstrate the effectiveness and durability
of the technique, results comparable in magnitude with the
tremor control effectiveness reported 5 years after unilat-
eral DBS.%7

As in the 3-year report and consistent with our under-
standing of the mechanism of the technique, no latent AEs
were reported during this additional 2 years of follow-up.
Any persistent AEs remained mild or moderate with none
rising to the level of serious. This safety profile appears
similar to or at least no worse than that for DBS. Further-
more, this cohort represents the initial results of perform-
ing MRgFUS thalamotomy in these investigators’ hands,
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FIG. 5. Observed change in QUEST dimension subscores from baseline at the annual follow-up, calculated by separate t-tests per
visit. Boxes indicate medians with interquartile ranges; whiskers, ranges; and plus signs, means. The mean score values (standard
deviations) are noted in blue type. Graphs are shown only for the significant dimension outcomes. Figure is available in color

online only.
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and Krishna et al. have shown that, with experience, treat-
ment outcomes and safety profiles improve.?

The improvement of the physical and psychological di-
mensions of the QUEST is consistent with the CRST Part
A (posture) and CRST Parts A and B (tremor/motor) re-
sults and signals a clinically meaningful improvement in
quality of life.

The results of the CRST Part C and other dimensions
of the QUEST reflect a more global measure of function
and quality of life, less specific to tremor control. While
both showed persistent improvement from baseline, the
gradual decline and decreasing statistical significance may
be expected in an elderly cohort with comorbidities over 5
years. A gradual decline in DBS effectiveness and quality
of life over time has also been reported.’

The primary limitation of the present study is the loss of
patient follow-up at 4 and 5 years. However, only 1 of the 7
patients who exited the study at the 4th year underwent an
alternative treatment (DBS); all others left because of con-
comitant unrelated health issues and an inability to travel
because of the coronavirus disease 2019 outbreak.

Recent systematic reviews and meta-analyses have
demonstrated that MRgFUS thalamotomy appears to be
as effective as thalamic DBS in the treatment of unilateral
tremor.'%!! Investigation of bilateral staged MRgFUS thal-
amotomy for ET is ongoing, with small case series sug-
gesting the feasibility of this approach.>!3 Interestingly, as
the adoption rate of MRgFUS has continued to rise, there
has been no apparent reduction in DBS procedures for ET,
suggesting that MRgFUS represents an appealing, nonin-
vasive option among an underserved population.'

Conclusions

Unilateral MRgFUS thalamotomy is an effective treat-
ment for patients with intractable ET and demonstrates
significant durability over the long term. The sustained
therapeutic benefit reported herein versus the modest rate
of persistent mild or moderate AEs makes MRgFUS an
attractive treatment option for patients with disabling and
medication-refractory ET.
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