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Abstract

Magnetic resonance (MR)-guided focused ultrasound surgery (MRgFUS) is the latest minimally
invasive stereotactic procedure, and thalamotomy using this novel modality has demonstrated its
effectiveness and safety, especially for patients with essential tremor (ET) and Parkinson’s disease
(PD). In Japan, the application of MRgFUS to treat ET and PD has recently been covered by health
insurance. Technically, the transducer with 1024 elements emits ultrasound beams, which are then
focused on the target with a phase control, resulting in optimal ablation by thermal coagulation.
The technical advantages of MRgFUS are continuous intraoperative monitoring of clinical symp-
toms and MR images and fine adjustment of the target by the steering function. Postoperative tremor
control is compatible with other modalities, although long-term follow-up is necessary. The adverse
effects are usually transient and acceptable. Prognostic factors for good tremor control include high
temperature and large lesion size. A high skull density ratio is a factor to achieve high temperature
and large lesioning, but it may not be necessary and sufficient for clinical outcomes. For patients
with advanced symptoms such as bilateral tremor or head/neck tremor, deep brain stimulation
may be recommended because of the adjustability of stimulation and the possibility of bilateral
treatment. Patients have high expectations of MRgFUS because of its non-invasiveness. To perform
this treatment safely and effectively, physicians need to understand the technological aspects, the
physiological principles. To choose the appropriate modality, physicians also should recognize the
clinical advantages and disadvantages of MRgFUS compared to other modalities.
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Introduction

Magnetic resonance (MR)-guided focused ultrasound
surgery (MRgFUS) is a novel method of neuromodu-
lation in the field of stereotactic functional
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neurosurgery. This method focuses on multiple extra-
cranial ultrasonic waves on the target inside the brain,
by controlling the phase and amplitude to oscillate
multiple waves under the guidance of structural and
thermal images obtained by MRI. Although it requires
the attachment of a head frame, it does not require
a skin incision or trepanation. Therefore, it is a truly
less-invasive brain surgery method. Its device (ExAb-
late 4000, InSightec, Tirat Carmel, Israel), developed
in Israel and approved by the FDA in the United
States in July 2016, is widely available. Pharmaceutical
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Fig. 1 Illustration of MRgFUS. The beams of ultrasound emerge from the transducer (A) with 1024 elements (E)
and are focused on the target (F) under the guidance of MRI (D). Degassed chilled water is circulated inside the
space between the membrane (B) and the scalp (G) of the patient. (A) Phased-array transducer, (B) membrane,
(C) stereotactic frame, (D) MRI scanner, (E) elements, (F) target, and (G) scalp. (Original illustrations are provided
by InSightec.) MRgFUS: Magnetic resonance-guided focused ultrasound surgery.

approval was obtained in Japan in the same year for
the treatment of essential tremor (ET). The Japanese
health insurance covered this treatment for ET in June
2019 and Parkinson’s disease (PD) in September 2020."
Considering the historical background of functional
neurosurgery, stereotactic thermal ablation using a
radiofrequency (RF) probe has been widely used since
the 1950s, but it has been replaced by deep brain
stimulation (DBS) since the 1990s.? This was because
DBS had great advantages such as reversibility and
adjustability for the target, while RF ablation simply
made an irreversible lesion by coagulating the tissue.
However, with the advent of MRgFUS,*# stereotactic
lesioning has received renewed attention. Non-
invasiveness and good outcomes in this novel modality
are driving this trend; however, DBS has recently
been criticized for undesirable complications such as
hardware-related infection.” Is MRgFUS a treatment
that surpasses DBS? What is the difference between
MRgFUS and conventional RF ablation? How do
physicians choose the preferred modality for patients?
To answer these questions, we first describe the phys-
ical principles of the technology in MRgFUS and
explain the treatment procedure using MRgFUS based
on our clinical experience. Then, we review the liter-
ature for clinical outcomes and factors associated with
prognosis. We also discuss optimal indications compared
with other modalities.

Physical Principles in Technology for
MRgFUS

Ultrasound is defined as an inaudible sound with
a frequency of 20000 Hz or higher. It is

characterized by a short wavelength and strong
directivity and is used in sonar (fish-finders), depth
sounders, and medical ultrasonic inspections. It
also has the feature of the heat of absorption being
readily adjustable by the sound pressure; therefore,
it is also used for ultrasonic cleaning and cutting
jewelry and glass. The piezoelectric effect is useful
in transducers for generating and detecting ultra-
sound waves in air and water.® Taking advantage
of these characteristics, in focused ultrasound
therapy, a hemispherical helmet-type transducer
equipped with 1024 ultrasound emerging elements
(piezoelectric elements) is attached to the patient’s
head, and then, by electronically controlling the
frequency, phase, and amplitude of the wave from
each element, energy is focused on the preopera-
tively planned target to create a thermally coagulated
lesion (Fig. 1).”

The first half of the sound path, from the element
of the transducer to the scalp, is filled with degassed
and chilled water. If there are bubbles in the path,
cavitation, i.e., the collapse of bubbles, will occur
and cause unexpected energy release, high tempera-
ture, and high pressure (up to 5000°C, 2000 atm).
Shaving the patient’s head is also necessary to avoid
creating bubbles. Continuous cooling by circulated
and chilled water is necessary because of the heat
of absorption on the scalp.

The skull is the largest barrier in the second half
of the sound path. It is 20-50 times more absorptive
than other soft and brain tissues® and is mostly
reflected at incidence angles larger than 35°. The
skull density ratio (SDR) is an important factor for
ultrasound passing through the skull; the higher
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Fig. 2 A workflow of MRgFUS. MRgFUS: Magnetic
resonance-guided focused ultrasound surgery.

the SDR, the easier it is for ultrasound waves to
pass through the skull. An adjustment of the rising
temperature at the focus is the main part of this
technology and is achieved by a phase correction
from CT profiles of the skull thickness, shape, and
SDR and from calculation of loss of energy by
absorption; thus, the target energy is focused on a
region of approximately 1.0 x 1.0 x 3.0 mm. Thermal
MR images are used to continuously monitor the
temperature of the target tissue.” With this, the
relative temperature change can be measured by
utilizing the physical phenomenon that the proton
resonance frequency slightly shifts according to the
temperature rise (0.01 ppm/°C), assuming that the
equilibrium temperature of the soft tissue is 37°C.
Middle and high frequencies (650-670 kHz) are
used for stereotactic coagulation of small targets,
such as thalamotomies. On the contrary, low-frequency
devices (220 kHz) are used in combination with
microbubbles to open the blood-brain barrier in a
relatively wide area. Many studies on MRgFUS
application in drug delivery are currently ongoing.'*'?
Ultrasound irradiation is called “sonication” to
distinguish it from radiation.

Treatment Procedures

An outline of the treatment procedure is shown in
Fig. 2. On the day prior to treatment, head CT and
MRI are performed for treatment planning.
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Development quality assurance is routinely performed
using a phantom in every case. On the treatment
day, the patient’s head is shaved. A stereotactic
frame (Cosman—Roberts—Wells head frame; Radionics,
Dublin, Ireland) is attached to the head under local
anesthesia. To increase the sonicated area, the head
pins are fixed as low as possible (approximately 2
cm above the upper edge of the orbit and just above
the attachment of the posterior cervical muscles).
A membrane shaped like a shampoo hat is also
carefully attached to the head as low as possible
to prevent air bubbles between it and the skin. The
patient then enters the MR imaging room and lays
down on the bed; the transducer is then connected
to the attachment device of the membrane. Degassed
chilled water is circulated inside the membrane to
maintain the temperature below 19°C.

Subsequent operations are performed using the
MRgFUS workstation ExAblate Neuro (InSightec).
The location of the center of the transducer and
the central frequency of the MRI are determined.
Structural MRI (T1) is performed, and the anterior
commissure (AC) and posterior commissure (PC)
are determined. 3D (axial, coronal, and sagittal) T1
images are taken with reference to the AC-PC line.
Preoperative CT images are fused to the obtained
MR images. Calcification and the remaining air
between the membrane and the skin are contoured
as a no-pass region, and several markers are desig-
nated for movement detection.

In thalamotomy for tremors, the target is the
ventral intermediate nucleus (Vim), although the
setting is slightly different among institutions. In
our institution, the initial target is set at 15—17 mm
lateral from the midline (12 mm lateral from the
outer wall of the third ventricle), the distance of
one-third AC-PC minus 1.5 mm (1/3 AC-PC-1.5 mm)
anterior from the PC, and 1.5-2.0 mm above the
AC-PC plane. In RF thalamotomy, it is necessary
to consider the angle of the inserted probe and the
distance between the initial target corresponding to
the deepest part and the coagulation sites, but this
is unnecessary in MRgFUS. The lateral, posterior,
and lower parts of the Vim are known to be effec-
tive in suppressing tremor.?*-'¥ However, there is a
pyramidal tract on the lateral side, and lesioning
here has a risk of motor paresis. The ventral caudal
nucleus in the posterior site is also associated with
a risk of sensory impairment of the tongue, mouth,
face, and hand after lesioning. In particular, it is
difficult to improve taste disturbance once it occurs.
The lower part is the posterior subthalamic area,
including the zona incerta and the prelemniscal
radiation (RaprL) bundles, which consist of the
dentato-rubro-thalamic tract and pallidothalamic
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fibers.'® While this area can be expected to suppress
tremors, walking disturbance can be caused by
hypotonia of the lower limbs.!” Intraoperative MRI
can be performed. MRI showed a signal change with
a diameter of 4—5 mm immediately after treatment,
which may increase to 8—10 mm 24 hours to 1 week
later, although the diameter of the final lesion
becomes 1 mm or less after 3 months or later.'®
Although there is still no consensus on how large
a lesion should be in MR images obtained during
the procedure, we attempted to create a sufficiently
large lesion while avoiding the pyramidal tract and
the VC. We usually set up the initial target 2 mm
apart from these structures.

At the beginning of sonication, low energy is
applied to reach the temperature of 40-45°C. This
process is called as “align phase,” and it would
confirm whether the actual target site has a tempera-
ture rise. By increasing the power to reach a moderate
temperature (46-50°C), the patient’s symptoms are
checked, which are usually reversible at these
temperatures (verify phase). After confirming the
suppression of tremor without any complications,
the temperature is increased to 55-59°C (treatment
phase). Note that the temperature is lower than that
in RF thalamotomy. This is because the heat gener-
ated by ultrasound is physically different from the
heat conduction by the RF probe and has different
effects on the tissue. Setting the parameters for
sonication, including energy, power, and duration,
is necessary and requires some experience. The
monitoring of cavitation is also important. The
current workstation has a function that automatically
lowers the power for safety when cavitation frequently
occurs. During the procedure, the system continu-
ously monitors subtle movement of the patient’s
head by several markers designated for movement
detection in the planning phase, as described earlier.
Continuous communication should be performed
with the patient during the procedure, and symp-
tomatic changes should be checked at every step
using the finger-nose test and spiral drawing in a
lying position. Adverse effects (numbness, headache,
and muscle weakness) should also be checked
frequently. In the case of a patient with low SDR,
it is difficult to reach a high temperature; therefore,
a large amount of energy and long sonication are
required. In such cases, the patient often complains
of headache. Side effects, such as swelling of the
scalp and face, were also observed after treatment.
A combination of analgesics should be administered
if necessary. During the procedure, fine adjustment
of the target is possible with a distance of less than
1 mm. This is a great advantage of MRgFUS, called
the steering function, which enables the focus to

move 1 mm or less by the phase control of each
element. It is usually impossible to adjust the posi-
tion of the probe or electrode on a submillimeter
scale in RF thalamotomy or DBS.

Clinical Indication of MRgFUS

Currently, the Japanese health insurance covers
MRgFUS for ET and PD. Two indications are spec-
ified in the Japanese guidelines, “2019 New medical
device fair use standard MRgFUS development
project report”®: 1) control of tremor in patients
with ET or PD, which is not sufficiently controlled
by medication, targeting the thalamus and 2) alle-
viation of motor symptoms in patients with PD,
which are not sufficiently controlled by medication,
targeting the globus pallidum interna (GPi) nuclei.
However, MRgFUS is limited in cases where DBS
is not suitable, such as in those at an old age,
having a risk of general anesthesia, requiring regular
MRI examinations, or working in places with high
magnetic fields.

Although surgical invasion is minimal in MRgFUS,
the following points should be noted. In terms of
age, patients should be at least 18 years old, because
younger patients and children lack experience. A
history of implantation of metallic devices and
claustrophobia is contraindicated as in the case of
MRI scanning. The patients are required to lie supine
in the scanner for 2 to 3 hours and to communicate
during the procedures. Bleeding tendency and
coagulation dysfunction should be excluded from
the criteria. Patients with a history of craniotomy
should also be excluded because phase correction
using CT profiles can be inaccurate.

In many studies, including the MRgFUS pilot
study, SDR was considered to be an important factor;
therefore, an SDR of less than 0.45 was set as an
exclusion criterion.*?*?Y However, some reports
insisted that patients with a low SDR were less
likely to have an increase in target temperature, but
the improvement rate of tremor itself was not
affected.??? The SDR of Asians is generally lower
than that of Westerners.?” We consider SDRs above
0.35 to be acceptable, but we do not recommend
MRgFUS for patients with an SDR below 0.30.
Treatment decisions should be made after adequate
information has been provided for patients with a
low SDR.

Accurate diagnosis of ET is necessary, distin-
guishing it from physiological tremor, thyroid disease,
or other neurodegenerative diseases. The International
Parkinson and Movement Disorder Society proposed
a consensus statement on the classification of tremors
in 2018,%® in which ET is defined as follows:
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1) isolated tremor syndrome of bilateral upper limb
action tremor, 2) having at least 3 years duration,
(3) with or without tremor in other locations (e.g.,
head, voice, lower limbs), and (4) absence of other
neurological signs, such as dystonia, ataxia, and
Parkinsonism. Essential tremor plus (ET-plus) is
accompanied by other neurological findings such
as impaired tandem gait, dystonia posturing, and
mild memory loss. ET with resting tremor was also
indicated as ET-plus. There is a criticism that this
concept is not based on pathological or prognostic
aspects and may simply be an advanced condition
of ET.?”? A report comparing the clinical outcomes
after DBS between patients with ET and ET-plus
concluded that there was no significant difference
between the two groups, but those with ET-plus
required higher stimulation intensity and dorsal
stimulation.?® It is interesting to see if there is a
difference in clinical outcomes after MRgFUS between
ET and ET-plus.

For PD, as described earlier, thalamotomy for
suppressing tremor and pallidotomy to improve
other symptoms, including dyskinesia, are indicated
for MRgFUS according to the Japanese guidelines.
At present, this treatment is covered by Japanese
health insurance only on the unilateral side; there-
fore, a good indication may be restricted to patients
with unilaterally dominant symptoms. PD is a
progressive and systemic functional disorder that
is characterized by cognitive symptoms, autonomic
symptoms, and psychiatric symptoms in addition
to motor symptoms. Considering the impairment of
quality of life caused by various symptoms in PD,
the clinical significance of MRgFUS, which aims to
improve unilateral movement, remains questionable.
However, since this treatment has a small burden
on the patient, there is a chance to improve the
quality of life in some cases with limited symptoms,
such as tremor-dominant PD.?® Sufficient information
about MRgFUS treatment should be provided to
these patients to explain which symptoms improve
and which symptoms persist.

Outcomes and Safety of MRgFUS: Can
MRgFUS Surpass DBS?

Thalamotomy for ET using MRgFUS was the first
application in clinical practice, and according to
personal communication with InSightec, there were
already more than 4000 cases treated worldwide by
the end of 2020. A pilot study of this treatment
was first reported by Elias et al., from the Univer-
sity of Virginia in 2013, and its safety and effec-
tiveness have been well demonstrated in randomized
trials in 2016.*% Our team (Department of
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Fig. 3 Drawing spirals and lines in the CRST testing.
Upper: preoperative drawing. Lower: postoperative
drawing. CRST: clinical rating scale of tremor.

Neurosurgery, Nagoya University Graduate School
of Medicine and Focused Ultrasound Surgery Center,
Nagoya Kyoritsu Hospital, Japan) started MRgFUS
for ET in 2017 and has experienced more than
80 cases by December 2020. The improvement rate
of the clinical rating scale of tremor (CRST) at
6 months was approximately 68.5% (unpublished
data; details will be reported elsewhere) (Fig. 3).
Representative publications on clinical outcomes
and associated factors in MRgFUS for ET are summa-
rized in Table 1. According to a multicenter clinical
study by Chang et al.,*” the improvement rate of
CRST was 55% at 6 months and 56% after 2 years.
They concluded that the therapeutic effect at
6 months could be expected to remain for at least
2 years. Side effects included sensory disturbance,
taste disturbance, gait disturbance, ataxia, and
dizziness, all of which were transient and almost
disappeared within a year. Similar results were
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Table 1 Clinical outcomes and associated factors in MRgFUS for patients with ET

Tremor imp.

General

Prognostic factors

Authors I;E;?r Country I\;tgf I(TI(/IL)] ratgél,lc;(fe(ied t;‘;g?f,/:lg' Adverse effects for good tr(lamor
when) when) contro
Elias 2013 USA 15 12 75% (12 M) 56% (12 M) Paresthesia, dysesthesia, N/A
et al.?) ataxia, dysmetria,
slurred speech
Elias 2016  Multi- 56 3 55% (3 M), 41% (3 M), Paresthesia, taste N/A
et al.¥ center 52% (6 M) 35% (12 M) disturbance, gait
sham, 2% disturbance, dysmetria,
(3 M) weakness, headache
Chang 2018 Multi- 76 24 55% (6 M), N/A Paresthesia, gait N/A
et al.?” center 53% (12 M), disturbance, taste
56% (24M) disturbance, dysergia,
dysmetria, weakness,
dizziness, headache
Meng 2018 Canada 37 24 42% (12 M), N/A Weakness, ataxia, Large lesion volume
et al.?V 43% (24 M) disequilibrium , (1 day after),
dysarthria, dysphagia younger age
Park 2019 Korea 15 48  71% (6 M), N/A Dizziness, nausea, N/A
et al.?? 70% (12 M), paresthesia in the
60% (24 M), tongue, balance
56% (48 M) impairment
Sinai 2019 Israel 44 12 79% (12 M) 61% (12 M) Ataxia (gait, hand), High SDR.
et al.2V dysgeusia, paresthesia Big number of
(lip tongue, hand) sonication
Boutet 2019 Canada 98 3 53% (3M), N/A Sensory disturbance, SDR is not a
et al.?? 45% (12 M) motor weakness, ataxia, = prognostic factor
speech disturbance
D’Souza 2019 Multi- 189 12 SDR <4, 46% N/A SDR <4, 40%; SDR = SDR is not a
et al.? center (12 M); SDR = 0.4-0.45, 45%; SDR prognostic factor
0.4-0.45, 63% >0.45, 63%
(12 M); SDR
>0.45, 58% (12
M)
Krishna 2020 Multi- 179 12 61% (3 M), N/A Balance or gait High peak
et al.® center 58% (12 M) disturbance, dysmetria/  temperature, post
ataxia/dizziness, sensory pivotal treatment
disturbance, speech cohort (yes),
disturbance, weakness younger age, short
disease duration,
small number of
sonication
Pineda- 2020 Spain 39 12 83% (3M), 57% (3 M),  Subjective instability, Large lesion
Pardo 76% (12 M) 53% (12 M) gait ataxia. Largest volume, occupancy
et al.?¥ lesions accounted for of the Vim, more
the occurrence of gait posterior and
imbalance inferior lesion
Abe 2021 Japan 35 12 57% (3 M), 44% (3 M), Hemiparesis, dysarthria, None
et al.?® 56% (12 M) 43% (12 M) dysphagia, gait

disturbance, unsteady
gait, hypotonia,
numbness, facial edema,
dizziness

ET: essential tremor, F/U: follow-up, imp.: improvement, M: month, MRgFUS: magnetic resonance-guided focused ultrasound
surgery, N of Pts: number of patients, N/A: not attributed, Pub: publication, SDR: skull density ratio, UE: upper extremity, Vim:
ventral intermediate.
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reported by the University of Toronto.*¥ In clinical
practice, we realize that recurrence of tremor is
sometimes seen during the first year after treatment,
but stable effectiveness is observed thereafter. Park
et al. recently summarized 4-year follow-up results
after MRgFUS for ET and reported that a 56%
improvement in CRST was maintained even after
4 years, although the number of patients was small
(n = 15).3? Further studies are necessary to evaluate
long-term outcomes.

High peak temperature, younger age, and short
duration of disease have been reported as prognostic
factors, but it remains controversial whether SDR
is a prognostic factor.2*233%) Lesion size and location
are also important prognostic factors.***® Pineda-Pardo
et al. reported that the greatest clinical improvement
correlated with a larger lesion volume and a more
inferior and posterior location, whereas the largest
lesion accounted for the occurrence of gait distur-
bance.’ From our experience, we realize that we
can readily reach high temperatures if the SDR is
high enough to generate larger lesions. However,
even if the SDR is relatively low, we may still
generate large lesions by increasing the energy and
the number of sonication cycles. Recently, Yamamoto
et al. reported that the temperature increase should
be set to the least value in the alignment and veri-
fication phases, and subsequently should be increased
in the treatment phase, to maximize the heating
efficacy. Such a management can contribute to
increase the temperature for the patients with a low
SDR.?® Therefore, a high SDR may not be necessary
or sufficient to achieve satisfactory suppression of
tremors.

For PD, several targets have been designed for
MRgFUS (Table 2). Magara et al. reproved the palli-
dothalamic tractotomy (PTT).*” The target is in the
subthalamic area, the center of a fiber bundle
connecting the pallidum and thalamus. The palli-
dothalamic fibers of the fasciculus lenticularis (Forel
H2) and the ansa lenticularis come to this area and
are funneled together into the thalamus.?® They
reported a good reduction in the motor score of the
Unified Parkinson’s Disease Rating Scale (UPDRS),
60.9% postoperatively. Vim is a promising target
for tremor relief in patients with tremor-dominant
PD. Good results have been reported in randomized
trials by Bond et al.?® In their report, the tremor
scale improved by 62% in the MRgFUS group and
by 22% in the sham treatment group. Pallidotomy
using MRgFUS has also been reported, and it
demonstrated good control for dyskinesia-dominant
PD.?¥ Furthermore, a clinical trial of subthalamotomy
using MRgFUS is ongoing.*” Lesioning the subtha-
lamic nucleus (STN) has been avoided in the past
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due to serious complications such as chorea,
ballismus, dyskinesia, and dysarthria.*'*? However,
in their pilot study,’” the target was slightly dorso-
lateral to the conventional localization of the STN.
No serious side effects were observed in their study,
and this may be reflected by such a small difference
in localization. The motor score of the UPDRS
improved postoperatively by 53% during on-medication
and by 47% during off-medication. Randomized
control for subthalamotomy has recently been
reported, demonstrating promising results.*?

Can MRgFUS surpass DBS? A recent review from
the University of Toronto compared treatment
outcomes for ET among four different surgical
procedures, including DBS, radiosurgery, RF, and
MRgFUS.*¥ QOverall, all modalities reported reason-
able outcomes with no significant differences in
tremor control. When examined in detail, bilateral
DBS demonstrated greater improvement in tremor
reduction, ranging from 66% to 78%. This is because
both upper limbs can be treated, and bilateral DBS
may possibly control the head, neck, and voice
tremor.**® When limited to unilateral treatment,
RF thalamotomy is more effective in suppressing
tremors than DBS.*%® However, for long-term (5
years or more) tremor control, DBS is the best
treatment option (60-75%).**°? The adjustability of
DBS may be the reason for this. On the contrary,
there is criticism for MRgFUS that the recurrence
rate may be higher than others. There have been
few reports on the long-term outcomes of MRgFUS;
therefore, further evaluation is warranted. Gait
disturbance and ataxia are frequently reported during
RF thalamotomy. The most common issues for DBS
are surgical site infection and hardware problems,
which account for 1.4-5.4% of cases.>sV Simply
looking at the number, the occurrence of such
infection or hardware problems is not high, but in
cases where it occurs, the entire system of implanted
DBS, which places a heavy burden on the patient,
should be removed. Considering these comparisons,
DBS may be the most recommended treatment at
present, especially for severe ET. However, patients
have high expectations of MRgFUS because it uses
relatively clean energy and does not require skin
incision, trepanation, or intracranial insertion.
Physicians need to understand the pros and cons
of each procedure and provide sufficient information
to patients. Several studies are in progress for new
applications of MRgFUS, including in psychiatric
diseases such as obsessive-compulsive disorder,?
dystonia,’® epilepsy,®” and Alzheimer’s disease.'?
MRgFUS should continue to be developed in the
treatment of ET and PD, and its indications for
other diseases should be expanded.



636

S. Maesawa et al.

Table 2 Representative studies in the application of MR-guided focused ultrasound in PD

Pub.

N. of

F/U

Patient’s

Authors year Country Pts (M)  characteristics Target Improvement Adverse effects
Magara 2014  Switzerland 14 3  Tremor PTT 60.9% reduction in  None
et al.?” dominant UPDRS (3 M)
(7/14), tremor —
akinesia (4/14),
dyskinesia
(4/14)
Bond 2017 USA 27RCT 3  Tremor Vim  62% reduction Hemiparesis,
et al.?? dominant in CRST on orofacial
medication (3 M), paresthesia,
sham, 22%; 34.7%  finger
reduction in UPDRS paresthesia,
III on medication (3 ataxia
M), sham, 4%
Jung 2018 Korea 8 6  Dyskinesia GPi 32.2% reduction One patient had
et al.?? dominant in UPDRS III on dysarthria and
medication (6 M), hemiparesis due
52.7% in UDysRS  to unexpected
(6 M), 39.1% lesion in
reduction in UPDRS the anterior
III on medication thalamus
(12 M), 42.7% in
UDysRS (12 M)
Martinez- 2018 Spain 10 6  Medically STN 53 % reduction of Dyskinesia,
Ferndndez uncontrolled MDS-UPDRS Il in ~ speech
et al.? motor symptoms off period (6 M), disturbance, gait
47 % reduction of disturbance
MDS-UPDRS III in
on period (6 M)
Martinez- 2020 Spain 40RCT 4 Medically STN  49.2% reduction in Dyskinesia
Ferndndez uncontrolled mean MDS-UPDRS  (chorea, ballism),
et al.®® motor symptoms III (4 M), sham, 9%  motor weakness,
speech
disturbance, gait
disturbance

CRST: clinical rating scale of tremor, F/U: follow-up, GPi: globus pallium interna, M: month, MDS: Movement Disorder
Society, MR: magnetic resonance, N of Pts: number of patients, PD: Parkinson’s disease, PTT: pallidothalamic tractotomy, Pub:
publication, RCT: randomized controlled trial, STN: subthalamic nucleus, UDysRS: Unified Dyskinesia Rating Scale, UPDRS:
Unified Parkinson’s Disease Rating Scale, Vim: ventral intermediate.

Conclusion

MRgFUS is the latest minimally invasive stereotactic
surgical procedure, and thalamotomy using this
modality is effective and safe for patients with ET
and PD. The advantages of this treatment include
its non-invasiveness, continuous intraoperative
monitoring of symptoms and images, and fine
adjustment of the target. Clinical outcomes of
MRgFUS such as tremor control rates were similar
to those in other modalities, including DBS, RF,
and radiosurgery. The adverse effects are usually
transient and acceptable. Long-term outcomes should
be evaluated in future studies. This procedure was

recently covered by the health insurance in Japan.
To perform it safely and effectively, the physician
needs to understand the technological aspects of
this treatment, including its physiological principles.
Additionally, physicians should provide sufficient
information to the patient to explain the advantages
and disadvantages of MRgFUS compared to other
modalities, discuss them well, and choose the
appropriate treatment.
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