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Abstract

Transcranial magnetic resonance (MR)-guided focused ultrasound (FUS) therapy is an emerging 
and minimally invasive treatment for movement disorders. There are limited reports on its long-
term outcomes for tremor-dominant Parkinson’s disease (TDPD). We aimed to investigate the 1-year 
outcomes of ventralis intermedius (VIM) thalamotomy with FUS in patients with TDPD. Patients 
with medication-refractory TDPD were enrolled and underwent unilateral VIM-FUS thalamotomy. 
Neurologists specializing in movement disorders evaluated the tremor symptoms and disability 
using Parts A, B, and C of the Clinical Rating Scale for Tremor (CRST) at baseline and at 1, 3, and 
12 months. In all, 11 patients (mean age: 71.6 years) were included in the analysis. Of these, five 
were men. The median (interquartile range) improvement from baseline in hand tremor score, the 
total score, and functional disability score were 87.9% (70.5–100.0), 65.3% (55.7–87.7), and 66.7% 
(15.5–85.1), respectively, at 12 months postoperatively. This prospective study demonstrated an 
improvement in the tremor and disability of patients at 12 months after unilateral VIM-FUS thala-
motomy for TDPD. In addition, there were no serious persistent adverse events. Our results indi-
cate that VIM-FUS thalamotomy can be safely and effectively used to treat patients with TDPD. A 
randomized controlled trial with a larger cohort and long blinded period would help investigate 
the recurrence, adverse effects, placebo effects, and longer efficacy of this technique.
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Introduction

Tremor-dominant Parkinson’s disease (TDPD) is a 
subtype of Parkinson’s disease. It is predominantly 
characterized by tremor with an earlier onset and 
slower progression than other subtypes.1) However, 
other Parkinsonian symptoms, such as bradykinesia, 
rigidity, and postural instability are either absent 
or mild.2) Resting tremor is usually prominent; 

however, postural and action tremors may be evident 
and intolerable. This can be attributed to the asso-
ciated physical exhaustion and severe restriction 
in social intercourse.3) Despite a relatively good 
neurological prognosis, the tremor impairs the quality 
of life in patients with TDPD.4–7) Furthermore, it 
may show poor response to medications.8) Therefore, 
clinicians should consider surgical treatment modal-
ities in medication-refractory cases.
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Transcranial magnetic resonance (MR)-guided 
focused ultrasound (FUS) is a promising and mini-
mally invasive stereotactic treatment.9) There are 
several reports on the efficacy of ventralis interme-
dius (VIM) thalamotomy utilizing FUS in improving 
the quality of life and tremor in patients with 
TDPD.10–16) Nonetheless, most of them had a follow-up 
of maximum 6 months, and there is limited litera-
ture on its longer efficacy and safety. Thus, we 
prospectively investigated the 1-year outcomes and 
adverse events of VIM thalamotomy with FUS for 
TDPD.

Methods

Patients
We enrolled patients with medication-refractory 

TDPD, as diagnosed by neurologists specializing in 
movement disorders (H.I., S.F., and T.K.), between 
April 2017 and September 2018. TDPD was defined 
as tremor-dominant with tremor dominant/postural 
instability and gait difficulty ratio >1.15. This was 
calculated from the Unified Parkinson’s Disease 
Rating Scale (UPDRS) in the “on” state according 
to the criteria postulated by Stebbins et al.17) We 
enrolled the patients with clinically significant 
tremor and substantial disability in the performance 
of daily activities. We defined the former by a score 
≥2 on the postural or action item of the Clinical 
Rating Scale for Tremor (CRST) in the dominant 
hand, and the latter was defined as a score of ≥2 
in any of the disability subsections of the scale. We 
excluded patients with the following conditions: 
unstable cardiac conditions, cerebral tumor, intra-
cranial aneurysm or arteriovenous fistula, cognitive 
impairment (defined by a score of ≤24 on the mini-
mental state examination), or history of deep brain 
stimulation or stereotactic cerebral ablation. This 
enrollment necessitated a skull density ratio (SDR) 
of > 0.25 in a screening computed tomography (CT) 
scan.18) We calculated the SDR as the ratio between 
the mean values in Hounsfield units for the bone 
marrow and cortical bone.18) The SDRs were adjusted 
using an internal formula of InSightec Japan because 
our CT scanner (Aquilion ONE™ [TSX-301A/2A], 
Toshiba Medical Systems, Tochigi, Japan) tends to 
show lower SDRs than the CT scanners of other 
manufacturers such as GE Healthcare and Philips 
Healthcare (unpublished internal data).

Ethical approval for standard protocol, clinical 
registration, and patient consent

We prospectively collected and analyzed the data. 
We obtained approval from the relevant ethical review 
board (University hospital Medical Information 

Network Clinical Trials Registry number: UMIN000033940). 
We included a patient with a pacemaker from other 
trial12) after obtaining approval from the ethical review 
board. We obtained written informed consent from 
all patients.

FUS procedure
We attached a stereotactic frame onto the skull under 

local anesthesia. We performed FUS using Exablate 
Neuro (InSightec, Haifa, Israel) with a 1.5-T MR imaging 
system (Signa HDx, GE Healthcare, Milwaukee, WI, 
USA) in all patients with TDPD. The unilateral VIM 
nucleus was targeted in all cases. The treatment side 
was decided considering patients’ opinion, dominant 
hand, and severity of the tremor. We set the target at 
6.0 mm anterior to the posterior commissure on the 
anterior commissure-posterior commissure line, 
1.5 mm superior to the anterior commissure-posterior 
commissure plane, and 12.0 mm lateral to the ipsi-
lateral wall of the third ventricle. The targeted 
points corresponded to the posterolateral part of 
the VIM according to the stereotactic atlas of 
Schaltenbrand and Wahren.19) We then created an 
additional lesion 0.5 mm anterior to the first one 
in patients with rigidity and tremor. This facilitated 
involving the nucleus ventralis oralis posterior.11) 
We increased the sonication energy in a stepwise 
fashion during treatment. Moreover, we verified the 
adequacy of the location, size, shape, and tempera-
ture of the heated spot. We confirmed the effects 
of the technique and the absence of side effects at 
a temperature that causes a reversible effect. 
Furthermore, we generated a permanent lesion at 
a higher temperature. The procedures were termi-
nated when the symptoms improved sufficiently, 
the temperature did not increase with higher soni-
cation energy, or adverse neurological events were 
detected taking the patient’s satisfaction and opinion 
into account. All the procedures were performed, 
and termination was finally determined by the 
neurosurgeons and radiologist (K.Y., T.T., and T.Y.). 
This was followed by assessment of the lesion 
locations and absence of radiographic complications 
such as edema, hemorrhage, and extension or 
elongation of the lesion in the adjacent brain 
structures of the VIM, including the internal capsule 
and ventralis caudalis nucleus, using MR imaging 
on the post-procedural day.

Outcome assessments
The neurologists (H.I., S.F., T.O., and T.K.) used 

the CRST to evaluate the tremor conditions. Higher 
scores indicated more severe tremor.20) They exam-
ined the CRST scores under medication before the 
procedure (baseline) and at 1, 3, and 12 months 
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postoperatively. The primary outcome measure was 
the efficacy, defined as the change in CRST scores 
of the hand contralateral to the treated VIM (range 
0–32) between baseline and 12 months postopera-
tively. This was calculated using Parts A (three 
items of the hand component) and B (five items) 
of the CRST. In contrast, the change from baseline 
to 12 months in total tremor scores on the CRST 
(range 0–144) and the functional disability evaluated 
by Part C of the CRST (range 0–32) were the 
secondary outcomes. This allowed us to calculate 
an improvement ratio for the respective time point 
of assessment as a percent decrease in the CRST 
score, compared with baseline. Additionally, the 
levodopa equivalent dose (LED) was recorded at 
baseline, 1 week, and 1, 3, and 12 months after the 
procedure.21) We also assessed the complications 
and tremor recurrences.

Results

Participants
We treated a total of 11 patients with TDPD. Of 

these, dopamine transporter scan using 123I-ioflupane 

single-photon emission CT demonstrated reduced 
radioligand striatal uptake in three patients, and 
123I-metaiodobenzylguanidine scintigraphy revealed 
abnormally high washout rate in two patients. All 
the 11 patients met the abovementioned criteria for 
TDPD defined with tremor dominant/postural insta-
bility and gait difficulty ratio. One patient was lost 
to follow-up at 12 months because of an unrelated 
injury. Table 1 summarizes the patient characteris-
tics. The patients had a mean age (± standard 
deviation) of 71.6 ± 6.8 years (range: 58–79). There 
were five men (45.5%) and six women (54.5%). 
They had a median SDR (interquartile range) of 
0.35 (0.30–0.39). The targeted VIM was located in 
the left hemisphere in seven patients (63.6%). All 
the 11 patients were right-handed, but four patients 
desired to treat their left-side tremor because the 
tremor was more severe on the left side. All the 
patients were at Hoehn & Yahr stages 1–3, with 
those at stages 1–2 representing 72.7%. The median 
scores on the UPDRS Part III were 25 (18–34) at 
baseline and 9 (5–13) at 12 months postoperatively.

FUS
We administered a median number of 9 (9–10) 

sonications to the patients. They had a median skull 
surface area of 359.0 cm2 (357.5–375.5) and a skull 
volume of 243.7 cm3 (229.4–277.4). There were 966 
(952–997) active transducer elements in the treat-
ment field. The median maximum delivered energy 
and maximum temperature in the heated spot were 
26087 J (18141–32642) and 57.0°C (56.5–60.0), 
respectively. Furthermore, the median procedure 
time from the first to the last sonication was 93.0 
min (86.5–97.0), and the median hospital stay was 
5.0 days (4.0–16.0). On the T2-weighted MR images 
on the post-procedural day, the median lesion 
volume was 152.3 mm3 (125.6–258.3).

Tremor and functional disability
All patients experienced significant improvement 

in tremor during the procedure. Figure 1 outlines 
the changes in score on each scale over time. We 
observed a tremor recurrence in one case at 12 
months postoperatively. In this case, the maximum 
temperature was 49°C, and the lesion volume was 
46.2 mm3, which were the lowest and smallest of 
all the patients.

The median improvement in CRST scores of the 
hand contralateral to the treated VIM between base-
line and 12 months postoperatively was 87.9% 
(70.5–100.0). The median scores of the treated upper 
extremity showed the improvement to be 66.7% 
(50.0–100.0), 100.0% (100.0–100.0), and 100.0% 
(100.0–100.0) in resting, postural, and action tremors, 

Table 1 Patient characteristics

Characteristic N = 11

Age, yearsa 71.6 ± 6.8 (58–79)

Sex, no. of men (%) 5 (45.5)

MMSEb 30.0 (29.5–30.0)

Skull density ratio 0.35 (0.29–0.39)

Disease duration, years

 From onsetb 6.0 (4.5–9.0)

 From diagnosisb 4.0 (3.2–5.5)

Baseline scores on CRST

 Contralateral hand tremorb 7 (7–11)

 Totalb 20 (17–24)

 Functional disabilityb 6 (4–8)

UPDRS Part III score at baselineb 25 (18–34)

UPDRS Part III score at 1 yearb 9 (5–13)

Hoehn and Yahr scale at baseline - 
No. of patients

 Stage 1 3

 Stage 2 5

 Stage 3 3

CRST: Clinical Rating Scale for Tremor; MMSE: Mini-Mental 
State Examination; UPDRS: Unified Parkinson’s Disease 
Rating Scale
a Mean ± standard deviation (range).
b Median (interquartile range).
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respectively. Furthermore, the median improvement 
in total tremor scores on the CRST was 65.3% 
(55.7–87.7) from baseline to 12 months, and the 
median improvement of functional disability in 
Part C on the CRST was 66.7% (15.5–85.1).

Medications
Table 2 shows the time course of LED in the 

individual cases. The medications were adjusted 
by the neurologists (H.I., S.F., T.O., and T.K.) 
according to patients’ opinions based on parkin-
sonism. The LEDs were reduced in three cases 
during the follow-up period and remained lower 
than the baseline in one case at 12 months post-
operatively. In contrast, they remained unchanged 
throughout the follow-up period in five patients, 
and we observed an increase in four patients at the 
end of the follow-up.

Adverse events
Table 3 summarizes the adverse events recorded 

during the follow-up period. Most adverse events 
were mild and transient, and improved within 12 
months. There were no records of severe adverse 
events, although mild dysesthesia was observed in 

the treated hand in one patient (Patient 11) at 12 
months. The lesion showed lateral extension, which 
was more evident on the MR imaging 1 month after 

Table 2 Levodopa equivalent dose in individual cases

Case 
No. Baseline 1 week 1 month 3 months 12 months

1 300 300 250 300 300

2 711 266 399 964 771

3 0 0 300 300 300

4 550 350 350 400 500

5 300 300 300 300 NA

6 636 636 636 636 732

7 262 262 262 262 262

8* 0 0 0 0 0

9 200 200 200 200 200

10 399 399 399 399 399

11 300 400 400 400 400

NA: not applicable
*The patient refused to take medications due to the lack of 
efficacy.

Fig. 1 Changes in hand tremor, total, and disability scores over time. Panel A shows the individual hand tremor 
scores contralateral to the treated hemisphere (Part A + B on the CRST), which revealed tremor improvement, 
except in one recurrent case. Panel B (total scores on the CRST) and Panel C (Part C on the CRST, disability 
scores) show the corresponding improvements. CRST: Clinical Rating Scale for Tremor 
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Table 3 Adverse events

Events

No. of cases

During 
procedure 1 day 1 month 3 months 12 months

Related to thalamotomy

 Headache 9 0 0 0 0

 Floating sensation 3 0 0 0 0

 Gait disturbance 1 3 1 0 0

  Exacerbation of 
bradykinesia

0 3 0 0 0

 Dysesthesia 1 1 1 1 1

 Hemiparesis 1 1 0 0 0

 Hypoesthesia 0 1 1 1 0

 Ageusia 0 1 1 0 0

 Hypotonia 0 1 0 0 0

 Bradypragia 0 1 0 0 0

 Dysphagia 0 1 0 0 0

 Dysarthria 0 1 1 1 0

Related to stereotactic frame

 Eyelid edema 0 2 0 0 0

the procedure than the postoperative day (Fig. 2). 
Headache was the most common adverse event and 
occurred only during sonication, disappearing 
immediately after the sonication was terminated. 
Notably, no delayed adverse events were observed.

Discussion

We found an improvement in the treated-hand 
tremor after the procedures in all patients. This was 
concomitant with an improvement in functional 
disability. Although the improvement persisted in 
most cases at 12 months, there was recurrence in 
one case.

Resting tremor is usually prominent in TDPD, 
whereas postural and action tremors may be evident 
and disable the patients’ daily activities, lowering 
their quality of life.3–7) This calls for an improvement 
in functional disability and tremor. There have been 
no randomized trials of FUS for TDPD that kept 
participants blinded for >3 months. Bond et al.16) 
conducted a randomized crossover clinical trial on 
VIM-FUS thalamotomy for TDPD. In all, 14 patients 
treated with unilateral VIM-FUS thalamotomy showed 
persistent improvement in tremor in the blinded 
phase at 3 months and in the open-label phase at 
12 months. Furthermore, there was an improvement 

Fig. 2 T2-weighted magnetic resonance imaging of 
demonstrative cases. In the case with dysesthesia 
remaining at 1 year (Patient 11), the lesion showed 
lateral extension, which was more evident at 1 month 
than the postoperative day. In contrast, the demonstra-
tive case without any adverse events (Patient 4) showed 
a lesion staying in a round shape at 1 month. (White 
arrows represent lesions created by focused ultrasound 
thalamotomy.) 

Neurol Med Chir (Tokyo) 61, July, 2021



FUS Thalamotomy for TDPD: Prospective 1-year Follow-up 419

in tremor in the sham cohort, indicating placebo 
effects, which diminished at 3 months. There was 
an improvement in the quality of life, as measured 
by Part C of the CRST and the 39-item Parkinson’s 
Disease Questionnaire at 3 months. Thereafter, they 
also reported an improvement in the quality of life 
in the open-label phase at 12 months.10) They 
suggested that the placebo effects would not remain 
long. Thus, the improvement in hand tremor and 
disability scores in our patients at 12 months could 
be considered evidence of the effects. However, we 
cannot completely rule out placebo effects. This 
warrants a randomized controlled trial with more 
patients and longer follow-up.

Despite the tremor improvement, the LEDs were 
unchanged or increased in most cases during the 
follow-up period. This suggested the lack of asso-
ciation between VIM-FUS thalamotomy for TDPD 
and the reduction of LEDs. The patients had medi-
cation-refractory tremor, confirmed by the facts that 
high dose of medications did not exert sufficient 
effects on the tremor or that the doses could not 
be increased because of their side effects. Therefore, 
an increase in medication dosage did not affect 
tremor improvement. The medications were continued 
or increased for the treatment of other symptoms, 
such as bradykinesia and rigidity, and to achieve 
maximum tremor suppression. This also caused the 
discrepancy between the LEDs and UPDRS Part III 
scores. The improvement in the UPDRS Part III 
scores was contributed by tremor reduction. Previous 
reports suggest that VIM thalamotomy does not 
significantly improve non-tremor Parkinsonian 
symptoms, including bradykinesia, rigidity, and gait 
disturbance; in contrast, researchers have established 
its effects on Parkinsonian tremor.22–24) Consequently, 
patients with non-tremor symptoms or progression 
would need to continue or increase the medications 
even after VIM-FUS thalamotomy. This is related 
to the Hoehn & Yahr stages of the patients we treat. 
As VIM thalamotomy is performed to reduce tremor, 
we need to consider the merit that the treatment 
can provide for each patient. Specifically, patients 
should be treated with the expectation to reduce 
medications but based on whether VIM thalamotomy 
will improve their quality of life. From this view-
point, patients in advanced stages with severe 
symptoms other than tremors may not be eligible 
for this treatment. Moreover, because TDPD is a 
disease with slow progression, with a study showing 
it takes approximately 20 years on average from the 
onset to the Hoehn & Yahr stage 4, long-term 
follow-up is needed after VIM-FUS thalamotomy.

There are limited reports on the recurrence of 
TDPD symptoms after FUS. Fasano et al. reported 

that small lesion size may cause recurrence after 
VIM-FUS thalamotomy for Parkinsonian tremor.25) 
As mentioned above, the maximum temperature 
was the lowest, and the lesion volume was the 
smallest in the recurrent case in our study. None-
theless, the target was accurate. Therefore, insuffi-
cient ablation was the probable cause of this recur-
rence. However, we cannot rule out other possible 
factors that contributed to the recurrence as there 
was only one recurrent case. Further investigations 
with larger samples and longer follow-up periods 
are necessary for analyzing the recurrence rates and 
associated factors.

In the case of the patient whose mild dysesthesia 
remained at 12 months, the lateral extended part 
of the lesion possibly involved sensory fibers of 
the thalamocortical pathway in the medial part of 
the internal capsule.26) The lesions sometimes 
suddenly change their shape during treatment. 
These changes include partial lesion extension and 
lateral elongation. Exablate Neuro is equipped with 
filter mask tools to reduce excessive energy and 
can thereby correct the shape of the lesion after 
such changes are detected. However, methods to 
predict shape changes have not yet been established. 
Therefore, a gradual increase in energy is the only 
method to avoid adverse events due to changes in 
shape. However, this will decrease the heating 
efficiency, and the target might not reach the ther-
apeutic temperatures in cases where the target 
temperature is difficult to increase.27) Moreover, 
changes in the lesion shape sometimes occur during 
sonication aimed to ablate the target. It is difficult 
to completely exclude the risks for adverse events 
due to such changes. This necessitates investiga-
tions for strict shape control or shape change 
prediction.

Randomized controlled trials conducted on 
FUS-VIM thalamotomy showed ataxia in 45.0% of 
the patients with TDPD and in 19.6% patients with 
essential tremor after the procedure.16,28) In our study, 
we observed transient gait disturbance due to ataxia 
in 27.3% patients. TDPD is a subtype of Parkinson’s 
disease with relatively mild symptoms and slow 
progression.2) Nonetheless, its etiology is different 
from that of essential tremor, and the patients can 
be vulnerable to adverse events.29–35) Thus, we need 
to be careful to prevent fall-related events after FUS 
for TDPD.

Limitations

The small sample size was the primary limitation 
of our study. Thus, the statistical analysis to detect 
the factors associated with recurrence or adverse 
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events was not adequate. The open-label, single-arm 
design and the fact that we could not eliminate the 
placebo effects were further limitations. Hence, a 
randomized controlled trial with a larger cohort 
and sufficiently long blinded phase is warranted 
for further investigation.

Conclusions

Our results revealed a persistent tremor reduction 
at 12 months after VIM-FUS thalamotomy for TDPD. 
In addition, there was a substantial improvement 
in disability. There were no severe adverse events, 
and most events were transient. These results 
indicate that we can safely and effectively treat 
patients with medication-refractory TDPD by 
VIM-FUS thalamotomy. Further study is warranted 
to investigate the recurrence, adverse events, and 
placebo effects.
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