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BACKGROUND

The subthalamic nucleus is the preferred neurosurgical target for deep-brain
stimulation to treat cardinal motor features of Parkinson’s disease. Focused ultrasound is an imaging-guided method for creating therapeutic lesions in deep-brain
structures, including the subthalamic nucleus.
METHODS

We randomly assigned, in a 2:1 ratio, patients with markedly asymmetric Parkinson’s disease who had motor signs not fully controlled by medication or who were
ineligible for deep-brain stimulation surgery to undergo focused ultrasound subthalamotomy on the side opposite their main motor signs or a sham procedure.
The primary efficacy outcome was the between-group difference in the change
from baseline to 4 months in the Movement Disorder Society–Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) motor score (i.e., part III) for the more affected body side (range, 0 to 44, with higher scores indicating worse parkinsonism) in the off-medication state. The primary safety outcome (procedure-related
complications) was assessed at 4 months.
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RESULTS

Among 40 enrolled patients, 27 were assigned to focused ultrasound subthalamotomy (active treatment) and 13 to the sham procedure (control). The mean
MDS-UPDRS III score for the more affected side decreased from 19.9 at baseline
to 9.9 at 4 months in the active-treatment group (least-squares mean difference,
9.8 points; 95% confidence interval [CI], 8.6 to 11.1) and from 18.7 to 17.1 in the
control group (least-squares mean difference, 1.7 points; 95% CI, 0.0 to 3.5); the
between-group difference was 8.1 points (95% CI, 6.0 to 10.3; P<0.001). Adverse
events in the active-treatment group were dyskinesia in the off-medication state in
6 patients and in the on-medication state in 6, which persisted in 3 and 1, respectively, at 4 months; weakness on the treated side in 5 patients, which persisted in
2 at 4 months; speech disturbance in 15 patients, which persisted in 3 at 4 months;
facial weakness in 3 patients, which persisted in 1 at 4 months; and gait disturbance in 13 patients, which persisted in 2 at 4 months. In 6 patients in the activetreatment group, some of these deficits were present at 12 months.
CONCLUSIONS

Focused ultrasound subthalamotomy in one hemisphere improved motor features
of Parkinson’s disease in selected patients with asymmetric signs. Adverse events
included speech and gait disturbances, weakness on the treated side, and dyskinesia. (Funded by Insightec and others; ClinicalTrials.gov number, NCT03454425.)
n engl j med 383;26
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arkinson’s disease is characterized
by bradykinesia, rigidity, and resting tremor.1 Several medical treatments are available, but refractory motor manifestations such
as tremor and motor complications impair quality of life for many patients.2 Deep-brain stimulation of the subthalamic nucleus has become
the preferred neurosurgical approach in place
of ablative procedures such as pallidotomy and
thalamotomy.3,4 Magnetic resonance–guided
focused ultrasound allows for the ablation of
deep-brain structures, including the subthalamic nucleus, without craniotomy and electrode
penetration and is being investigated as a treatment for Parkinson’s disease.
Focused ultrasound thalamotomy has been
approved by the Food and Drug Administration
to treat essential and parkinsonian tremors.5,6
Results from two uncontrolled studies have suggested that focused ultrasound subthalamotomy
and pallidotomy performed on one side may
reduce motor manifestations of Parkinson’s disease.7,8 Patients are potential candidates for ultrasound ablation if they have prominently asymmetric parkinsonism, if they are not considered
to be clinically suitable candidates for surgery
because of contraindications, or if they are reluctant to undergo a brain operation or to have an
implanted device. We conducted a prospective,
randomized, sham-controlled, double-blind trial
of focused ultrasound subthalamotomy, performed on one side, for the treatment of Parkinson’s disease in a selected group of patients with
highly asymmetric motor signs.

Me thods
Patients

In this trial, we considered for enrollment patients who had received a diagnosis of Parkinson’s disease according to the U.K. Brain Bank
Clinical Criteria9 at the Centro Integral de Neurociencias AC (CINAC), University Hospital HM
Puerta del Sur, in Mostoles, Spain, and at the
University of Virginia Medical Center. Patients
were included in the trial if they had highly
asymmetric parkinsonism (asymmetry index, >1.5)
at a screening visit; the asymmetry index is the
ratio of the motor score on the Movement Disorder Society–Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS, part III) for the more affected side of the body to the score on the less
affected side, with an index of 1 indicating sym2502
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metric parkinsonism.7,10 The patients’ motor signs
were not well controlled on the more affected
side despite the use of dopaminergic medication
according to the treatment recommendations of
the European Federation of Neurological Societies and the Movement Disorder Society–European Section11 and as determined by four of the
investigators. Therapeutic alternatives to participation in the trial, including the continuation of
medication or the use of deep-brain stimulation
in one or both hemispheres, were described in
detail to potential enrollees before consent was
obtained. All the patients provided written informed consent for trial participation. Patients
chose to participate in this trial of ultrasound
subthalamotomy because they declined to undergo deep-brain stimulation (11 patients); had
minor motor signs on the less affected side, no
meaningful levodopa-related motor complications
that would make the patient a candidate for
deep-brain stimulation, or both (26 patients); or
were poor candidates for intracranial surgery
owing to advanced age or coexisting conditions
(3 patients).
The main exclusion criteria were axial motor
manifestations of Parkinson’s disease or motor
signs on both sides of the body that were too
severe (defined as a score of ≥2.5 on the modified Hoehn and Yahr scale12 while the patients
were in the on-medication state; scores range
from 1 [involvement on one side only] to 5 [confinement to bed or wheelchair], with a score of
2.5 indicating mild disease with involvement on
both sides and with recovery on the pull test, in
which the examiner pulls the patient’s shoulders
from behind to induce postural instability); severe levodopa-induced dyskinesia; a history of
stereotactic surgery or brain hemorrhage; the
presence of cognitive impairment or any another
serious neuropsychiatric or medical condition;
claustrophobia that prevented the patient from
undergoing magnetic resonance imaging (MRI);
and a skull density ratio (an index of ultrasound
penetration in the skull) of less than 0.35.13 The
complete inclusion and exclusion criteria are
provided in the Supplementary Appendix, which
is available with the full text of this article at
NEJM.org.
Trial Design and Oversight

This randomized, controlled, double-blind trial
compared focused ultrasound subthalamotomy
with a sham procedure (sham delivery of ultra-
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sound acoustic energy); medical therapy was
used in both groups. Randomization in a 2:1
ratio of focused ultrasound subthalamotomy to
the sham procedure was performed with the use
of a Microsoft Excel random-number-generator
function. Each trial-group assignment was sealed
in a numbered envelope; assignments were separated into four blocks of 10 to ensure the equal
distribution of sham procedures.
The trial conformed to the principles of the
Declaration of Helsinki and Good Clinical Practice guidelines and was approved by the ethics
committee at each participating center. The first
and last authors designed the trial protocol
(available at NEJM.org) and supervised the trial.
One of the trial sponsors, Insightec, manufactured and contributed the ultrasound device,
maintained the electronic database of the patients’ characteristics and outcomes, arranged for
an independent data and safety monitoring board,
contracted for the statistical analysis by an independent biostatistics company (TechnoStat), and
provided financial support for the trial. Insightec
and the other (noncommercial) sponsors did not
have any role in the trial design, in other aspects
of data analysis or interpretation, or in the preparation of the manuscript, except that Fundación
Hospitales de Madrid provided funds for assistance with copy editing of an earlier version of
the manuscript. There were confidentiality agreements between Insightec and the authors. The
first author and the last two authors wrote the
first draft of the manuscript and made the decision to submit the manuscript for publication.
All the authors vouch for the accuracy and completeness of the data, for the complete reporting
of adverse events, and for the adherence of the
trial to the protocol (including the statistical
analysis plan).
Trial Procedures

Patients were placed in the MRI equipment and
were coupled to the ultrasound transducer through
a stereotactic head frame. All the patients underwent identical preparation procedures, and the
trial-group assignment was revealed to the trial
team immediately before the procedure was
started. Acoustic energy delivered by each sonication was monitored in real time by magnetic
resonance thermometry and was adjusted to
reach ablative temperatures of greater than 54°C
in patients who had been assigned to the activetreatment group, whereas the power was disenn engl j med 383;26

gaged for sham procedures. All the other actions
of the trial team were identical in the two groups.
During the procedure, patients provided verbal feedback about subjective adverse events,
such as nausea or head pain, and about motorsymptom relief. The investigators assessed the
cardinal motor features (tremor, rigidity, and
bradykinesia) on the more affected side of the
body and observed for side effects including
pyramidal signs, limb dysmetria, and speech
abnormalities. In the active-treatment group,
adjustment of the acoustic energy power and the
collection of patient feedback were repeated after each sonication. In the patients who underwent the sham procedure, energy was disengaged, but the patients were also evaluated after
each sham sonication. The focusing of the ultrasound beams was standardized to fit a lesion
that was shaped and targeted in the dorsolateral
subthalamic nucleus and immediately dorsally
to impinge on the pallidothalamic tract. The
ultrasound focus coordinates were adjusted according to clinical effects; details on the ultrasound subthalamotomy procedure in the activetreatment group are provided in Table S1 in the
Supplementary Appendix.
Outcomes

There were two primary outcomes in this trial.
The primary efficacy outcome was the betweengroup difference in the change from baseline to
4 months in the MDS-UPDRS III score for the
more affected side of the body while patients were
in the off-medication state (i.e., after a minimum 12-hour overnight withdrawal of antiparkinsonian drugs). The primary safety outcome
(i.e., the incidence and severity of complications
that occurred during the procedure or that were
related to the procedure, according to the definition of adverse events from the Food and Drug
Administration) was assessed at 4 months.
The primary efficacy outcome was ascertained
with the MDS-UPDRS III.14 Scores for one side of
the body range from 0 to 44, with higher scores
indicating greater motor impairment, and include subitems for rigidity, bradykinesia, and
tremor. (Details about ascertainment of the score
are provided in Section S2 in the Supplementary Appendix.) An exploratory visit occurred at
2 months, and the primary efficacy measures
were determined at 4 months. Each patient was
assessed at baseline and at the 2-month and
4-month visits by the same movement-disorder
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neurologist (one of three specified investigators)
who was unaware of the trial-group assignments.
We assessed safety by recording the frequency
and severity of any adverse events that were reported by patients or that were observed during
the procedure or at the trial visits at 2, 4, and 12
months (the 12-month assessment was performed
only in patients who had received active treatment, either because of randomization assignment or crossover). A complication or worsening
of a preexisting clinical condition after the procedure was considered to be an adverse event
regardless of causality. Patients were assessed
with the use of MRI after the procedure and with
the use of neuropsychological examinations, including assessments of memory, language, executive functions, and behavior, at baseline and
4 months after the procedure. Clinical management after the procedure was undertaken by
neurologists who were aware of the trial-group
assignments. After 4 months, patients were told
their trial-group assignment, and those in the
control group were offered open-label ultrasound
treatment.
The secondary outcomes at 4 months were
the following: the change from baseline in the
MDS-UPDRS III score for the more affected side
while patients were in an on-medication state
(typically assessed 30 to 60 minutes after the
intake of usual morning oral medication); the
change in the MDS-UPDRS III score for the more
affected side in both the off-medication and onmedication states (unblinded evaluation); the
change in the MDS-UPDRS III specific subscores
for rigidity, bradykinesia, and tremor (scores
range from 0 to 8, from 0 to 20, and from 0 to
16, respectively, with higher scores indicating
greater severity in all cases) for the more affected
side in both the off-medication and on-medication states; activities of daily living (assessed
with the use of the MDS-UPDRS, part II, questionnaire; scores range from 0 to 52 with higher
scores indicating greater disability); general motor condition (MDS-UPDRS III total score; scores
range from 0 to 132, with higher scores indicating worse parkinsonism) in both the off-medication and on-medication states; motor complications as assessed with the MDS-UPDRS, part IV
(scores range from 0 to 24, with higher scores
indicating more frequent or disabling motor
complications); quality of life (assessed with the
use of the 39-item Parkinson’s Disease Questionnaire summary index15; scores range from 0 to
2504
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100, with higher scores indicating poorer wellbeing); the Patients’ Global Impression of Change
(scores range from 1 [very much improved] to 7
[very much worsened]16); and the change in the
daily dose of levodopa equivalent (measured in
milligrams per day), which was calculated according to established conversions.17
Patients who had received active treatment
also underwent an unblinded evaluation of the
MDS-UPDRS III score for the treated side in the
off-medication state at 12 months. The change
in the MDS-UPDRS III total score at 4 months,
with adjustment for motor severity at baseline,18
was also analyzed. A survey of patients and clinical assessors regarding the success of blinding
of the trial-group assignments was conducted
immediately after the procedure and at 4 months.
Additional evaluations included efficacy and
safety in patients who were initially assigned to
undergo the sham procedure and who crossed
over to receive active treatment once the 4-month
blinded follow-up was complete. Unblinded subthalamotomy took place within the first weeks
after unblinding, and patients were followed for
an additional 12 months after this second procedure, with exploratory visits at 2 months and
4 months. Other additional analyses were the
time of dopaminergic drug withdrawal before
the motor MDS-UPDRS assessment and the axial
motor score, which was calculated as the sum of
the MDS-UPDRS III subitems for axial features
(scores range from 0 to 36, with nine subscores,
each on a scale from 0 to 4, for the assessment
of speech, facial expression, neck rigidity, ability
to arise from a chair, gait, postural stability, posture, global spontaneity of movement, and lip or
jaw tremor; higher scores indicate greater impairment) (see Section S2).
Statistical Analysis

The trial assessed the superiority of subthalamotomy as compared with a sham procedure. A
sample size of 40 was calculated on the basis of
the 53% motor improvement that was observed
in our pilot study,7 a potential effect of 30% in
the control group, and an assumption that 20%
of the patients would discontinue the trial. Thus,
the trial had 99% power to show the superiority
of subthalamotomy with regard to the primary
efficacy outcome. Power calculations were based
on Student’s t-test, with a randomization ratio of
2:1 for assignment to undergo subthalamotomy
or the sham procedure, at a two-sided alpha of
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77 Patients with Parkinson’s disease and asymmetric
motor features were assessed for eligibility

37 Were excluded
17 Had a skull density ratio of <0.35
12 Declined to participate
2 Had cognitive impairment
3 Had an unstable psychiatric condition
3 Were excluded owing to MRI finding

40 Underwent randomization

27 Were assigned to and underwent
active treatment with focused
ultrasound subthalamotomy

13 Were assigned to and underwent
a sham procedure

27 Were included in the 4-mo intentionto-treat analysis of primary outcomes

13 Were included in the 4-mo intentionto-treat analysis of primary outcomes

2 Were lost to follow-up

1 Declined to cross over

25 Completed 12-mo follow-up

12 Underwent crossover treatment

1 Was lost to follow-up

11 Completed 4-mo follow-up

2 Were lost to follow-up
1 Had not yet reached 12 mo
of follow-up

8 Completed 12-mo follow-up

Figure 1. Enrollment and Follow-up of the Patients.
Patients who had a skull density ratio (an index of ultrasound penetration into the skull) of less than 0.35 were ex‑
cluded from the trial. All 40 patients who had undergone randomization finished the blinded follow-up for the pri‑
mary and main secondary outcomes (at 4 months). Of the 27 patients in the active-treatment group, 25 continued
to the open follow-up phase for 12 months. Of the 13 patients in the control group (in which patients underwent a
sham procedure), 12 crossed over to receive unblinded active treatment at 4 months. After undergoing the second
(i.e., active) procedure, 11 patients in the crossover group completed an additional 4 months of follow-up and 8 pa‑
tients completed 12 months of follow-up.

0.05. This sample size was also determined to be
sufficient for the detection of procedure-related
adverse events. The primary efficacy outcome
was analyzed with a mixed model with repeated
measures, including the independent effects of
time point and baseline MDS-UPDRS III score
for the more affected side. For each visit, the difn engl j med 383;26

ference between the two groups and the change
from baseline were estimated with the use of the
least-squares means from the mixed model with
repeated measures. The same model was applied
to analyze all the secondary efficacy outcomes.
Descriptive statistics were calculated for the
intention-to-treat population for all efficacy out-
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Table 1. Demographic and Clinical Characteristics of the Patients at Baseline.*
Focused Ultrasound
Characteristic
Subthalamotomy (N = 27)
Age — yr
Mean
56.6±9.3
Range
35–74
Sex — no. (%)
Male
16 (59)
Female
11 (41)
Duration since diagnosis — yr
Mean
5.6±2.5
Range
2–11
MDS-UPDRS III total score†‡
Off-medication state
39.9±9.7
On-medication state
26.9±6.7
MDS-UPDRS III score for the more affected side of the body‡§
Off-medication state
19.9±5.0
Rigidity
3.5±1.0
Bradykinesia
10.8±2.8
Tremor
5.6±3.0
On-medication state
14.2±4.2
Rigidity
2.6±1.1
Bradykinesia
7.9±2.9
Tremor
3.8±2.3
MDS-UPDRS IV score for levodopa-related motor com‑
4.0±4.5
plications¶
Dyskinesia
0.3±0.9
Motor fluctuations
3.0±3.1
Dystonia, in the off-medication state
0.7±1.2
MDS-UPDRS II score for activities of daily living‖
11.3±5.9
Treatment with levodopa — no. (%)**
26 (96)
Daily dose of levodopa equivalent — mg††
729.7±328.3
PDQ-39 summary index for quality of life‡‡
21.7±12.0

Sham Procedure (N = 13)
58.1±8.8
43–70
10 (77)
3 (23)
7.3±3.8
2–17
40.1±8.1
25.1±8.1
18.7±5.5
3.8±1.0
9.7±3.6
5.2±2.2
11.9±5.1
2.6±1.4
6.4±2.9
2.9±1.9
5.1±4.7
1.1±1.8
3.5±2.8
0.5±1.1
12.5±4.6
12 (92)
881.7±407.9
23.9±10.2

*	Plus–minus values are means ±SD.
†	Total scores on the Movement Disorder Society–Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), part III,
range from 0 to 132, with higher scores indicating more severe clinical features.
‡	The off-medication state was defined as a minimum 12-hour overnight withdrawal of antiparkinsonian drugs and a
24-hour withdrawal of prolonged-release formulations. The on-medication state was determined by both the patient
and the clinician and indicated that the medication had been effective for at least 30 minutes after ingestion.
§	The MDS-UPDRS III score on the more affected side of the body was calculated as the sum of the assessments for
rigidity (item 3.3; assessment on one side includes evaluation of rigidity in the upper and lower limbs on a scale from 0
to 8, with higher scores indicating higher rigidity) plus bradykinesia (items 3.4 to 3.8; assessment on one side includes
evaluation of the upper and lower limbs on a scale from 0 to 20, with higher scores indicating more severe bradykinesia)
plus tremor (items 3.15 to 3.17; assessment on one side includes evaluation of rest tremor in the upper and lower limbs
and of postural and kinetic tremor in the upper limb on a scale from 0 to 16, with higher scores indicating more severe
tremor). Thus, the overall score for one side ranges from 0 to 44, with higher scores indicating a worse motor condition.
¶	The score on the MDS-UPDRS, part IV, for levodopa-related motor complications ranges from 0 to 24, with higher
scores indicating more severe or disabling motor complications. The score is calculated as the sum of the scores for
dyskinesia in the on-medication state (items 4.1 and 4.2; range, 0 to 8), for motor fluctuations (items 4.3 through 4.5;
range, 0 to 12), and for dystonia in the off-medication state (item 4.6; range, 0 to 4). In all patients, the assessment
of dystonia in the off-medication state was restricted to the more affected side of the body.
‖	Scores on the MDS-UPDRS, part II, range from 0 to 52, with higher scores indicating more severe impairment in ac‑
tivities of daily living.
**	Two patients were not taking levodopa at baseline. In one case, the patient had tried several dopaminergic drugs but had
discontinued all of them because of side effects. The second patient was reluctant to start receiving levodopa therapy.
††	The daily dose of levodopa equivalent was calculated according to the accepted conversions of Tomlinson et al.17
‡‡	Scores on the 39-item Parkinson’s Disease Questionnaire (PDQ-39) summary index range from 0 to 100, with higher
scores indicating worse quality of life.
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A Mean MDS-UPDRS III Score for More Affected Side
30

Between-group
difference,
8.1 points
(P<0.001)

20
15
10
5
0

R e sult s

Sham procedure (N=13)

25

Score

comes. Secondary outcomes were not adjusted
for multiple comparisons, and no clinical inferences can be made from these data. No imputations were made for missing data, because all
the patients were examined at 4 months for the
primary outcome, and the secondary outcomes
are presented descriptively. A two-sided P value
of less than 0.05 was considered to indicate statistical significance. Statistical analyses were
conducted with the use of SAS software, version
9.4 (SAS Institute), on a Windows 2016 terminal.

Active treatment (N=27)

Baseline

Month 2

Month 12

B Change in MDS-UPDRS III Score for More Affected Side in Individual Patients

Trial Participants

Active treatment (N=27)

Sham procedure (N=13)

100

PercentChangein Score

A total of 77 patients were assessed for eligibility, and 40 patients (36 patients at CINAC and
4 at the University of Virginia Medical Center)
were enrolled from March 2018 through May
2019 (Fig. 1). A total of 27 patients were assigned to undergo subthalamotomy and 13 to
undergo the sham procedure. Overall, the mean
(±SD) age of the patients was 57.1±9.1 years
(range, 35 to 74), and the mean duration of disease was 6.2±3.0 years. The mean MDS-UPDRS
III total score at baseline was 39.9±9.1 in the
off-medication state and 26.3±7.2 in the onmedication state. The mean daily dose of levo
dopa equivalent at baseline was 777.9±358.1 mg.
The characteristics of the patients were similar in the two groups at baseline (Table 1), with
the exceptions in the control group of an older
patient age (58.1±8.8 years, vs. 56.6±9.3 years in
the active-treatment group), a longer mean duration of disease (7.3±3.8 years vs. 5.6±2.5 years),
a higher MDS-UPDRS IV dyskinesia score (1.1±1.8
vs. 0.3±0.9), and a higher mean daily dose of dopaminergic drug (881.7±407.9 mg vs. 729.7±328.3 mg
of levodopa equivalent). In the active-treatment
group, 16 patients underwent subthalamotomy
in the left hemisphere and 11 in the right. In the
control group, 7 patients underwent the sham
procedure in the left hemisphere, and 6 in the
right (Table S1).
Primary Efficacy Outcome

Month 4

75

50

25

0

Figure 2. Clinical Outcomes of Focused Ultrasound Subthalamotomy,
as Compared with a Sham Procedure, in One Hemisphere.
Panel A shows the mean Movement Disorder Society–Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) motor scores (part III) for the more
affected side of the body in the off-medication state in the active-treatment
group (in which patients underwent focused ultrasound subthalamotomy)
and the control group (in which patients underwent a sham procedure).
Scores are assessed on a scale from 0 to 44, with higher scores indicating
higher motor impairment, and include subitems for rigidity, bradykinesia,
and tremor. Patients in the active-treatment group had improvement 4 months
after the procedure, with a decrease from a mean (±SD) score of 19.9±5.0
at baseline to 9.9±4.9 at 4 months. The change in the mean score was sig‑
nificantly superior with subthalamotomy than with the sham procedure
(between-group difference in the least-squares mean change from baseline,
8.1 points; 95% CI, 6.0 to 10.3; P<0.001). The mean decrease in the score
in the active-treatment group at 12 months was 11.6 points (95% CI, 9.9 to
13.3; among 25 patients with data available). I bars indicate the standard
deviation. Panel B shows the changes in the MDS-UPDRS III score for the
more affected side of the body in the off-medication state in individual pa‑
tients, according to trial group. The line at 30% indicates the minimal clini‑
cally meaningful change.19 Positive values in this graph indicate clinical im‑
provement, and negative values indicate worsening of parkinsonism. The
median improvement from baseline (dashed line) was 52.6% in the activetreatment group and 4.2% in the control group. In one patient (black circle), the
procedure was aborted before completion owing to severe anxiety in the patient.

The active-treatment group had a decrease (indicating improvement) in the mean MDS-UPDRS
III score for the more affected side from 19.9±5.0
at baseline to 9.9±4.9 at 4 months (least-squares
mean difference, 9.8 points; 95% confidence baseline to 17.1±6.0 at 4 months (least-squares
interval [CI], 8.6 to 11.1), as compared with a mean difference, 1.7 points; 95% CI, 0.0 to 3.5)
decrease in the control group from 18.7±5.5 at (Fig. 2, Table 2, and Fig. S1). The primary effin engl j med 383;26

nejm.org

December 24, 2020

The New England Journal of Medicine
Downloaded from nejm.org by KEVIN ROSTEING on January 21, 2021. For personal use only. No other uses without permission.
Copyright © 2020 Massachusetts Medical Society. All rights reserved.

2507

2508

Primary efficacy outcome
MDS-UPDRS III score for the more affected side,
in the off-medication state
Secondary efficacy outcomes
MDS-UPDRS III score for the more affected side,
in the on-medication state‡
MDS-UPDRS III score for the more affected side
in an unblinded evaluation
Off-medication state
On-medication state‡
MDS-UPDRS III subscores for more affected side
Off-medication state
Rigidity
Bradykinesia
Tremor
On-medication state‡
Rigidity
Bradykinesia
Tremor
MDS-UPDRS II score
MDS-UPDRS III total score
Off-medication state
On-medication state‡
MDS-UPDRS IV total score§           
Dyskinesia
Motor fluctuations
Dystonia, in the off-medication state
PDQ-39 summary index
Daily dose of levodopa equivalent (mg)
Additional analysis
MDS-UPDRS III score for the more affected side
in the open-label crossover subgroup¶

Outcome
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40.1±8.1
25.1±8.1
5.1±4.7
1.1±1.8
3.5±2.8
0.5±1.1
23.9±10.2
881.7±407.9
NA

19.5±3.9

3.8±1.0
9.7±3.6
5.2±2.2

3.5±1.0
10.8±2.8
5.6±3.0

39.9±9.7
26.9±6.7
4.0±4.5
0.3±0.9
3.0±3.1
0.7±1.2
21.7±12.0
729.7±328.3

18.6±5.7
12.3±4.5

19.5±3.8
14.0±4.3

2.6±1.4
6.4±2.9
2.9±1.9
12.5±4.6

11.9±5.1

14.2±4.2

2.6±1.1
7.9±2.9
3.8±2.3
11.3±5.9

18.7±5.5

19.9±5.0

Baseline
Focused Ultrasound
Sham
Subthalamotomy
Procedure
(N = 27)
(N = 13)

nejm.org

11.6 (8.4 to 14.8)

68.0

NA

2.3 (−0.2 to 4.8)
−0.8 (−3.4 to 1.8)
−1.2 (−2.7 to 0.3)
−0.4 (−0.9 to 0.2)
−0.6 (−1.6 to 0.4)
−0.2 (−0.6 to 0.2)
1.6 (−3.1 to 6.2)
22.5 (−60.2 to 106.4)

−0.2 (−0.6 to 0.2)
0.8 (−0.3 to 2.0)
0.0 (−0.8 to 0.9)
−1.4 (−4.0 to 1.2)

0.1 (−0.3 to 0.6)
1.4 (0.3 to 2.4)
0.3 (−0.6 to 1.3)

1.4 (0.3 to 2.4)
0.3 (−0.6 to 1.3)

0.1 (−0.3 to 0.6)

1.7 (0.0 to 3.5)

NA

6.3
0.0
0.0
NA
12.5
NA
29.0
0.0

0.0
12.7
0.0
−11.8

0.0
9.1
0.0

2.0
2.9

6.0

4.2

NA

12.9 (9.9 to 16.0)
9.2 (6.0 to 12.4)
2.3 (0.5 to 4.1)
0.3 (−0.3 to 1.0)
1.5 (0.2 to 2.7)
0.4 (−0.1 to 1.0)
5.8 (0.1 to 11.4)
−117.0 (−218.0 to −16.0)

1.5 (1.1 to 2.0)
1.5 (0.1 to 2.9)
2.7 (1.6 to 3.7)
5.5 (2.2 to 8.7)

1.8 (1.3 to 2.3)
2.7 (1.4 to 4.0)
3.6 (2.5 to 4.8)

10.4 (8.3 to 12.5)
6.6 (4.7 to 8.5)

5.9 (3.8 to 8.0)

8.1 (6.0 to 10.3)†

of

34.2
33.9
40.0
NA
26.8
75.0
38.5
7.5

50.0
27.3
92.9
42.9

60.0
33.3
83.3

53.8
53.1

46.5

52.6

mean (95% CI)

Between-Group
Difference in Change
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15.2 (13.5 to 17.0)
8.4 (6.6 to 10.3)
1.1 (0.0 to 2.1)
0.0 (−0.4 to 0.3)
0.9 (0.2 to 1.6)
0.2 (−0.1 to 0.5)
7.4 (4.1 to 10.6)
−94.5 (−151.9 to −37.2)

1.3 (1.0 to 1.6)
2.3 (1.5 to 3.1)
2.7 (2.1 to 3.3)
4.1 (2.2 to 5.9)

1.9 (1.6 to 2.2)
4.0 (3.2 to 4.7)
4.0 (3.3 to 4.6)

11.1 (9.9 to 12.3)
7.5 (6.4 to 8.6)

6.4 (5.2 to 7.6)

9.8 (8.6 to 11.1)

Within-Group Change from Baseline to 4 Mo
Focused Ultrasound
Subthalamotomy
Sham Procedure
(N = 27)
(N = 13)
mean (95% CI)
%
mean (95% CI)
%

Table 2. Primary and Secondary Efficacy Outcomes, Assessed from Baseline to 4 Months (Intention-to-Treat Population).*
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*	Plus–minus values are least-squares means ±SD. Because of the lack of a prespecified plan for adjustment of the 95% confidence intervals for multiple comparisons of secondary
outcomes, no inferences can be made from these data. When the 95% confidence intervals for the between-group differences include zero, these differences are considered to be not
significant. For the change values, both within a single group and between the two groups, positive values indicate a reduction (improvement), and negative values indicate an increase
(worsening) in all scores. The exception is the daily dose of levodopa equivalent, in which negative values indicate a decrease in the dose and positive values an increase in the dose.
The mixed model for repeated measures was fitted to evaluate the within-group and between-group differences. Results are presented as mean values with 95% confidence intervals;
also shown is the median percentage change from baseline for each outcome. The P value corresponds to the analyses for the primary efficacy outcome (i.e., the between-group differ‑
ence in the change in the MDS-UPDRS III score for the more affected side of the body). NA denotes not applicable.
†	P<0.001.
‡	A total of 26 of the 27 patients in the active-treatment group and all patients in the control group received antiparkinsonian medication.
§	For the MDS-UPDRS IV score, all patients were included in the analysis of the within-group and between-group differences, regardless of their baseline score. For the estimation of
percentage of change, we excluded from the analysis of each corresponding subitem any patients who scored 0 at baseline. Thus, for the percentage of change in the total MDS-UPDRS
IV score, a total of 17 patients in the active-treatment group and 9 in the control group were included in the analysis; for motor fluctuation subitems, the analysis included 16 and 9
patients, respectively; and for dystonia in the off-medication state, the analysis included 8 patients in the active-treatment group. For dystonia in the off-medication state in the control
group (which included 3 patients who had a score of >0 at baseline) and for dyskinesia (which included 4 patients in each group who had a score of >0 at baseline), the measurement
of the percentage of change was not considered to be applicable owing to the small sample and is therefore not provided.
¶	A total of 12 patients crossed over from the control group to receive active treatment.
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cacy outcome of the between-group difference in
the change in the score for the more affected
side in the off-medication state at 4 months was
8.1 points (95% CI, 6.0 to 10.3; P<0.001).
Safety Outcomes

Dyskinesia in the off-medication state developed
in six patients in the active-treatment group
(22%) in the first week after subthalamotomy
(Table 3). One patient had lower-limb monoballism, and the other five patients had mild-tomoderate upper-limb chorea (in one patient),
lower-limb chorea (in one), or hemibody chorea
(in three). At 4 months, dyskinesia on the treated side in the off-medication state persisted in
three patients (11%), who had dyskinesia in the
foot, hand, or shoulder of the treated side of the
body (Video 1). New-onset dyskinesia on the treated
side in the on-medication state developed in an
additional six patients (22%) in the active-treatment group, persisted in one patient at 4 months,
and was present in two patients at 12 months.
The 12-month outcomes in all the patients in
whom dyskinesia developed are shown in Table S2.
Weakness on the treated side was present the
day after active treatment in five patients (19%).
In two patients, it was predominantly faciobrachial. One patient had distal strength of 2/5 and
proximal strength of 3/5 in the upper limb (scores
on the motor scale range from 0 [no movement]
to 5 [normal power]; a score of 2/5 indicates
slight movement and a score of 3/5 indicates that
movement is possible against gravity but not
against resistance); this patient also had 4/5
strength in the lower limb (movement against
resistance but less than normal power). The other
patient had 4/5 weakness on the more affected
side of the body. At 4 months, both patients had
scores of 4/5 in the distal upper limb and 5/5 in
all other muscle groups. Strength in both patients
had recovered at 12 months, but hand clumsiness and asymmetric stride persisted in both.
The remaining three patients had mild (4+/5)
hemiparesis that resolved within 4 weeks.
Three additional patients (11%) in the activetreatment group had isolated facial asymmetry,
which was still present in 1 patient at 4 months.
Speech disturbance developed in 15 patients
(56%) in the active-treatment group and persisted
in 3 patients at 4 months and in 1 patient at 12
months. Gait dysequilibrium was present after
the procedure in 13 patients (48%) in the activenejm.org

Videos showing
the effects of
subthalamotomy
are available at
NEJM.org
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Table 3. Adverse Events.*
Focused Ultrasound Subthalamotomy
(N = 27)

Adverse Event
Total

Sham Procedure
(N = 13)

At 24 Hr

At 2 Mo

At 4 Mo

At 12 Mo

At 4 Mo

Dyskinesia on the more affected side, in the off-medication
state — no. of patients (%)
Any event, regardless of severity

6 (22)

0

6 (22)

3 (11)‖

0‖

0

Chorea

5 (19)

0

5 (19)

3 (11)

0

0

Ballism

1 (4)

0

1 (4)

0

0

0

6 (22)

0

6 (22)

1 (4)

2 (7)

0

New-onset dyskinesia on the more affected side, in the
on-medication state — no. of patients (%)
Weakness on the more affected side — no. of patients (%)

5 (19)

5 (19)

2 (7)

2 (7)

2 (7)**

0

Isolated facial asymmetry — no. of patients (%)

3 (11)

3 (11)

3 (11)

1 (4)

0

0

Speech disturbance — no. of patients (%)
15 (56)

6 (22)

12 (44)

3 (11)

1 (4)

0

Dysarthria, assessed objectively on examination

Any objective or subjective event†

7 (26)

6 (22)

5 (19)

3 (11)

1 (4)

0

Slurred speech, as reported by the patient

8 (30)

0

7 (26)

0

0

0

2 (7)

1 (4)

0

0

0

0

Gait disturbance — no. of patients (%)
Any objective or subjective event‡
Ataxia, assessed objectively on examination
Unsteady gait, as reported by the patient

13 (48)

8 (30)

7 (26)

3 (11)

2 (7)

1 (4)

10 (37)

6 (22)

6 (22)

2 (7)

1 (4)

0

Upper limb dysmetria — no. of patients (%)

2 (7)

0

2 (7)

0

0

0

Impulsiveness — no. of patients (%)

1 (4)

0

1 (4)

0

0

0

Weight gain — no. of patients (%)§

2 (7)

0

1 (4)

1 (4)

2 (7)

0

Somnolence — no. of patients (%)

1 (4)

1 (4)

0

0

0

0

Intraprocedural sensations or events, all transient
— no. of patients (%)
Nausea

7 (26)

Emesis

1 (4)

1 (8)

13 (48)

2 (15)

Dizziness

2 (15)

Head “tilting”

13 (48)

1 (8)

Head discomfort, such as “heat” or “pressure”

11 (41)

1 (8)

Anxiety
Pin-site head pain

6 (22)

0

16 (59)

8 (62)

Right inner ear pain

1 (4)

0

Headache

5 (19)

6 (46)

Back or neck pain

4 (15)

2 (15)

High blood pressure

7 (26)

6 (46)

Fatigue

1 (4)

1 (8)

0

1 (8)

Chest pain
Other adverse events not directly related to treatment
— no. of patients (%)
Rib fracture

2 (7)

0

Fall

2 (7)

0

Dysuria

1 (4)

Total adverse events, according to severity — no. of events¶

0

144

31

Mild

96

13

Moderate

40

16

8

2

Severe

2510

n engl j med 383;26

nejm.org

December 24, 2020

The New England Journal of Medicine
Downloaded from nejm.org by KEVIN ROSTEING on January 21, 2021. For personal use only. No other uses without permission.
Copyright © 2020 Massachusetts Medical Society. All rights reserved.

Ultr asound Subthalamotomy for Parkinson’s Disease

Table 3. (Continued.)
*	Shown are the total numbers and percentages of patients in the active-treatment group in whom each adverse event (transient or persis‑
tent) developed. The primary safety outcome was assessed at 4 months. All the patients in the active-treatment group had at least one
adverse event. The “2-month” column includes adverse events that were observed at the 2-month visit or that were reported by patients
as occurring between 24 hours and 2 months after the procedure. Adverse events in the unblinded cohort (i.e., the 12 patients who under‑
went subthalamotomy after the initial 4-month period) are listed in Table S10.
†	Patients who reported “slurred speech” were those without any new speech disorder identified on the neurologic examination but who
reported less fluency or greater difficulty in pronunciation while speaking.
‡	Patients who reported “unsteady gait” were those without any new observable balance disorder on the neurologic examination but who
reported having less equilibrium while walking.
§	The weight increase was 5% (from 82.9 to 87.0 kg) in one patient and 7% (from 101.0 to 108.0 kg) in the other.
¶	The severity of adverse events was classified as follows: mild indicates an asymptomatic state or mild symptoms, with no or minimal interference
with usual social and functional activities and with no intervention indicated; moderate indicates symptoms that cause greater than minimal
interference with usual social and functional activities, with minimal, local, or noninvasive intervention indicated; and severe indicates symptoms
that disrupt activities of daily living (inability to perform usual social and functional activities), with intervention or hospitalization indicated.
‖	Five of the six patients with dyskinesia in the off-medication state after treatment had dyskinesia in the on-medication state at 4 months.
In two patients, it was still present in the on-medication state at 12 months of follow-up.
**	Strength had recovered at 12 months, but hand clumsiness and asymmetric stride persisted on the treated side.

treatment group and persisted in 2 patients at
4 months, with persistent unsteadiness at 12
months in 1 patient. One patient in the activetreatment group had somnolence after the procedure, which resolved the next morning. Impulsive binge eating developed in another patient in
the active-treatment group for 2 months after
treatment; the condition resolved.
Intraprocedural adverse events such as headache and dizziness occurred in both groups but
occurred more frequently in the active-treatment
group than in the control group (Table 3); these
events resolved after the procedure. Severe anxiety developed in one patient in the active-treatment group; the condition necessitated that the
procedure be stopped before therapeutic thermal
dosing was achieved. This patient was included
in the analysis of all outcomes. Neurocognitive
testing results at baseline and at 4 months are
shown in Tables S3 and S4.
No complications of the active procedure
were detected by MRI, except for perilesional
edema, which resolved by 4 months in all the
patients in this group (Fig. S2). There were no
intracerebral hemorrhages.
Secondary and Other Outcomes

Because of the lack of a prespecified plan to
adjust the widths of the 95% confidence intervals for multiple comparisons, no clinical conclusions can be drawn from these data. The
MDS-UPDRS III score for the more affected side
in the on-medication state at 4 months decreased by 6.4 points (95% CI, 5.2 to 7.6) in the
active-treatment group and by 0.5 points (95%

n engl j med 383;26

CI, −1.2 to 2.2) in the control group (betweengroup difference, 5.9 points; 95% CI, 3.8 to 8.0).
Other secondary outcomes, including the reduction in the dose of levodopa equivalent after the
procedure, were in the same direction as the
primary outcome with the exception of dyskinesia (measured as the sum of MDS-UPDRS IV sub
items 4.1 and 4.2) and dystonia in the off-medication state (subitem 4.6), which did not differ
between the two groups at 4 months (betweengroup differences, 0.3 points [95% CI, −0.3 to
1.0] and 0.4 points [95% CI, −0.1 to 1.0], respectively) (Table 2, Tables S5 and S6, and Fig. S3).
Clinical improvement according to the Patients’
Global Impression of Change at 4 months was
reported by 23 of 27 patients (85%) in the activetreatment group and by 2 of 13 patients (15%) in
the control group (Figs. S4 and S5 and Table S7).
The change from baseline to 12 months in the
MDS-UPDRS III score for the more affected side
among 25 patients with available data in the
active-treatment group was 11.6 points (95% CI,
9.9 to 13.3). The association between disease
severity at baseline and the absolute reduction in
the MDS-UPDRS III total score 4 months after
the procedure is shown in Table S8. The times
of drug withdrawal before testing for motor assessment in the off-medication state were similar in the two groups (Table S9). Results of the
additional outcome of axial motor function in
all the patients are provided in Table S11.
Of the 27 patients in the active-treatment
group, 26 correctly identified their trial-group
assignment, both immediately after the procedure and at 4 months; in the control group, 9 of
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the 13 patients correctly identified their trialgroup assignment immediately after treatment,
and 11 did so at 4 months. Investigators who
were intended to be unaware of the trial-group
assignments identified the actual assignment in
all the patients.
In the open-label phase of the trial, 12 of the
13 patients in the control group crossed over to
receive ultrasound subthalamotomy after the
4-month blinded assessment period. Among patients with available data, the mean MDS-UPDRS
III score for the more affected side in this unblinded subgroup decreased from 19.5±3.9 at
baseline to 8.1±5.3 at 4 months after unblinded
treatment (least-squares mean difference, 11.6
points; 95% CI, 8.4 to 14.8; among 11 patients)
and to 9.7±6.4 at 12 months (least-squares mean
difference, 8.7 points; 95% CI, 4.5 to 12.9; among
8 patients). One patient was lost to follow-up at
4 months after undergoing the active procedure,
and 4 patients were lost to follow-up at 12 months.
New-onset dyskinesia developed in three patients in the crossover subgroup. One patient
had hemiballismus, which was considered to be
a serious adverse event and which persisted as
lower limb chorea in the off-medication state at
4 months. Exacerbation of preexisting levodopainduced dyskinesia occurred in two patients,
isolated facial asymmetry in one, speech disturbance in five, and gait imbalance in five. (Details regarding the crossover subgroup are provided in Fig. S6 and Table S10.)

Discussion
This randomized, sham-controlled trial showed
that focused ultrasound subthalamotomy performed in one hemisphere improved the motor
features of Parkinson’s disease on the more affected side at 4 months. Adverse events such as
dyskinesias, motor weakness, and gait and speech
disturbances were frequent and persisted in several patients. These results are similar to outcomes in uncontrolled series of stereotactic radiofrequency subthalamotomy for the treatment
of Parkinson’s disease.20-24 The change from baseline in the MDS-UPDRS III score for the more
affected side in patients who underwent active
treatment varied, ranging from 5 to 95%; the
changes were qualitatively more evident for reduction of tremor and rigidity than for bradykinesia.
Among the 27 patients in the active-treatment
group, new-onset dyskinesia on the treated side
2512
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occurred in 12 patients, persisted in 3 at the
4-month primary safety evaluation, and persisted in 2 at 12 months. An approach that has been
suggested to reduce the risk of hemichorea and
ballism has been to extend ablations dorsal to
the subthalamic nucleus in order to interrupt the
pallidothalamic-projecting neurons.25,26 In patients
with Parkinson’s disease who are treated with
subthalamic deep-brain stimulation, one aspect
of the control of dyskinesias is the ability to reduce the dose of dopaminergic drug.27 In the
current trial, a comparison of the change in the
mean dose of dopaminergic medication between
the active-treatment group and the control group
was in the same direction as the primary outcome (i.e., the reduction from baseline in the
dose of levodopa equivalent was greater in the
active-treatment group than in the control group);
however, the 95% confidence intervals for this
and other secondary outcomes were not adjusted
for multiple comparisons, so no definite conclusions can be drawn from these data.
Subthalamotomy was performed in one hemisphere, and the natural evolution of Parkinson’s
disease eventually leads to motor impairment on
both sides of the body in most patients. The
likely need for an increase in the daily dose of
levodopa equivalent to maintain function on the
untreated side of the body could lead to the development of dyskinesias on the treated side.
However, the few open-label studies of longterm (≥36 months) follow-up of radiofrequency
subthalamotomy performed in one hemisphere
do not provide support for this concern.20-22
This trial has limitations. The small sample
size and the enrollment of almost all the patients
at one of the two trial sites (36 patients at one
site and 4 at the other) limits the generalizability
of the results because the trial approximates a
single-center trial. Patients and assessors correctly
guessed the trial-group assignments, which eliminates the intended effect of blinding. Furthermore, because of the lack of a prespecified plan
for adjustment of the 95% confidence intervals for
multiple comparisons of secondary outcomes, no
definite inferences can be made from these data.
In this trial involving a selected group of patients with markedly asymmetric Parkinson’s
disease, we found that focused ultrasound subthalamotomy performed in one hemisphere resulted in improved motor scores at 4 months but
was associated with adverse events, including
dyskinesias and other neurologic complications.
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Longer-term and larger trials are needed to determine the role of focused ultrasound subthalamotomy in the management of Parkinson’s disease
and its effect as compared with other available
treatments, including deep-brain stimulation.
Supported by Insightec, the Focused Ultrasound Foundation,
Fundación MAPFRE, Fundación Hospitales de Madrid, and the
University of Virginia Center of Excellence.
Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

A data sharing statement provided by the authors is available
with the full text of this article at NEJM.org.
We thank Dr. Santiago Ruiz de Aguiar (medical director of
the Hospital HM Puerta del Sur), Dr. Esther de Luis (neuroradiologist), and the physicians and staff of the Neuroimaging Unit
and Intensive Care Unit for assistance during the trial; Mr. Matt
Patterson (of the University of Virginia) for clinical research coordination throughout the trial; Mr. Nadir Alikacem and Mr.
Brian Ostrander (both of InSightec) and Mr. Shmuel Packer for
technical assistance with the trial design and statistical evaluation; and Dr. Lawrence H. Phillips for copy editing of an earlier
version of the manuscript.

Appendix
The authors’ full names and academic degrees are as follows: Raúl Martínez‑Fernández, M.D., Ph.D., Jorge U. Máñez‑Miró, M.D.,
Rafael Rodríguez‑Rojas, Ph.D., Marta del Álamo, M.D., Binit B. Shah, M.D., Frida Hernández‑Fernández, M.Sc., José A. Pineda‑Pardo,
Ph.D., Mariana H.G. Monje, M.D., Ph.D., Beatriz Fernández‑Rodríguez, M.D., Scott A. Sperling, Psy.D., David Mata‑Marín, M.Sc.,
Pasqualina Guida, M.Sc., Fernando Alonso‑Frech, M.D., Ph.D., Ignacio Obeso, Ph.D., Carmen Gasca‑Salas, M.D., Ph.D., Lydia Vela‑Desojo, M.D., Ph.D., W. Jeffrey Elias, M.D., and José A. Obeso, M.D., Ph.D.
The authors’ affiliations are as follows: HM Centro Integral en Neurociencias AC (CINAC), University Hospital HM Puerta del Sur,
CEU San Pablo University, Mostoles (R.M.-F., J.U.M.-M., R.R.-R., M.A., F.H.-F., J.A.P.-P., M.H.G.M., B.F.-R., D.M.-M., P.G., F.A.-F.,
I.O., C.G.-S., L.V.-D., J.A.O.), and the Network Center for Biomedical Research on Neurodegenerative Diseases, Carlos III Institute,
Madrid (R.M.-F., R.R.-R., M.A., F.H.-F., J.A.P.-P., D.M.-M., P.G., F.A.-F., I.O., C.G.-S., L.V.-D., J.A.O.) — both in Spain; and the University of Virginia Health Sciences Center, Charlottesville (B.B.S., S.A.S., W.J.E.).
References
1. Postuma RB, Berg D, Stern M, et al.
MDS clinical diagnostic criteria for Parkinson’s disease. Mov Disord 2015;
30:
1591-601.
2. Schrag A, Jahanshahi M, Quinn N.
What contributes to quality of life in patients with Parkinson’s disease? J Neurol
Neurosurg Psychiatry 2000;69:308-12.
3. Deuschl G, Schade-Brittinger C, Krack
P, et al. A randomized trial of deep-brain
stimulation for Parkinson’s disease. N Engl
J Med 2006;355:896-908.
4. Schuepbach WMM, Rau J, Knudsen K,
et al. Neurostimulation for Parkinson’s
disease with early motor complications.
N Engl J Med 2013;368:610-22.
5. Elias WJ, Lipsman N, Ondo WG, et al.
A randomized trial of focused ultrasound
thalamotomy for essential tremor. N Engl
J Med 2016;375:730-9.
6. Bond AE, Shah BB, Huss DS, et al.
Safety and efficacy of focused ultrasound
thalamotomy for patients with medication-refractory, tremor-dominant Parkinson disease: a randomized clinical trial.
JAMA Neurol 2017;74:1412-8.
7. Martínez-Fernández R, RodríguezRojas R, Del Álamo M, et al. Focused ultrasound subthalamotomy in patients with
asymmetric Parkinson’s disease: a pilot
study. Lancet Neurol 2018;17:54-63.
8. Jung NY, Park CK, Kim M, Lee PH,
Sohn YH, Chang JW. The efficacy and
limits of magnetic resonance-guided focused ultrasound pallidotomy for Parkinson’s disease: a phase I clinical trial.
J Neurosurg 2018;1306:1-9.
9. Hughes AJ, Daniel SE, Kilford L, Lees
AJ. Accuracy of clinical diagnosis of idiopathic Parkinson’s disease: a clinico-pathological study of 100 cases. J Neurol Neurosurg Psychiatry 1992;55:181-4.
10. Cubo E, Martínez-Martín P, González-

Bernal J, et al. Effects of motor symptom
laterality on clinical manifestations and
quality of life in Parkinson’s disease.
J Parkinsons Dis 2020;10:1611-20.
11. Ferreira JJ, Katzenschlager R, Bloem
BR, et al. Summary of the recommendations of the EFNS/MDS-ES review on therapeutic management of Parkinson’s disease. Eur J Neurol 2013;20:5-15.
12. Hoehn MM, Yahr MD. Parkinsonism:
onset, progression and mortality. Neurology 1967;17:427-42.
13. Chang WS, Jung HH, Zadicario E,
et al. Factors associated with successful
magnetic resonance-guided focused ultrasound treatment: efficiency of acoustic
energy delivery through the skull. J Neurosurg 2016;124:411-6.
14. Goetz CG, Tilley BC, Shaftman SR,
et al. Movement Disorder Society-sponsored revision of the Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS):
scale presentation and clinimetric testing results. Mov Disord 2008;
23:
212970.
15. Peto V, Jenkinson C, Fitzpatrick R,
Greenhall R. The development and validation of a short measure of functioning
and well being for individuals with Parkinson’s disease. Qual Life Res 1995;4:
241-8.
16. Guy W. ECDEU assessment manual
for psychopharmacology:revised. Washington, DC:Government Printing Office,
1976.
17. Tomlinson CL, Stowe R, Patel S, Rick
C, Gray R, Clarke CE. Systematic review of
levodopa dose equivalency reporting in
Parkinson’s disease. Mov Disord 2010;25:
2649-53.
18. Martínez-Martín P, Rodríguez-Bláz
quez C, Mario Alvarez, et al. Parkinson’s
disease severity levels and MDS-Unified

n engl j med 383;26

nejm.org

Parkinson’s Disease Rating Scale. Parkinsonism Relat Disord 2015;21:50-4.
19. Schrag A, Sampaio C, Counsell N,
Poewe W. Minimal clinically important
change on the Unified Parkinson’s Disease Rating Scale. Mov Disord 2006;21:
1200-7.
20. Alvarez L, Macias R, Pavón N, et al.
Therapeutic efficacy of unilateral subthalamotomy in Parkinson’s disease: results in
89 patients followed for up to 36 months.
J Neurol Neurosurg Psychiatry 2009;80:
979-85.
21. Alvarez L, Macias R, Lopez G, et al.
Bilateral subthalamotomy in Parkinson’s
disease: initial and long-term response.
Brain 2005;128:570-83.
22. Ricardo Y, Pavon N, Alvarez L, et al.
Long-term effect of unilateral subthalamotomy for Parkinson’s disease. J Neurol
Neurosurg Psychiatry 2019;90:1380-1.
23. Patel NK, Heywood P, O’Sullivan K,
McCarter R, Love S, Gill SS. Unilateral
subthalamotomy in the treatment of Parkinson’s disease. Brain 2003;126:1136-45.
24. Jourdain VA, Schechtmann G, Di Paolo
T. Subthalamotomy in the treatment of
Parkinson’s disease: clinical aspects and
mechanisms of action. J Neurosurg 2014;
120:140-51.
25. Rodriguez-Rojas R, Carballo-Barreda
M, Alvarez L, et al. Subthalamotomy for
Parkinson’s disease: clinical outcome and
topography of lesions. J Neurol Neurosurg Psychiatry 2018;89:572-8.
26. Lozano AM. The subthalamic nucleus: myth and opportunities. Mov Disord
2001;16:183-4.
27. Limousin P, Krack P, Pollak P, et al.
Electrical stimulation of the subthalamic
nucleus in advanced Parkinson’s disease.
N Engl J Med 1998;339:1105-11.
Copyright © 2020 Massachusetts Medical Society.

December 24, 2020

The New England Journal of Medicine
Downloaded from nejm.org by KEVIN ROSTEING on January 21, 2021. For personal use only. No other uses without permission.
Copyright © 2020 Massachusetts Medical Society. All rights reserved.

2513

