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Focused ultrasound (FUS) as a 
therapeutic modality for the treat-
ment of neurological conditions has 
seen a rapid expansion over the past 
decade due to its ability to pro-
duce controlled and precise effects 
non-invasively. FUS has multiple 
mechanisms of action, but at higher 
frequencies, thermal ablation is pre-
dominant and is capable of precise 
and controlled lesioning of brain 
tissue. In particular, transcranial 
magnetic resonance-guided focused 
ultrasound surgery (MRgFUS), a 
non-invasive ablative modality has 
become a well-established tool in 
functional neurosurgery for move-
ment disorders such as essential 
tremor (ET) and Parkinson Disease 
(PD). Since its FDA approval in 2016, 
MRgFUS has gained popularity 
amongst researchers, clinicians, and 
patients. Ongoing studies to evaluate 
additional indications are underway. 

Ongoing clinical trials include treat-
ment of psychiatric illness, chronic 
pain, and epilepsy. Radiologists 
should be familiar with the expected 
neuroimaging findings following 
treatment and the entities for which 
this is utilized and being explored.

A Brief History of Focused 
Ultrasound 

Although ultrasound was discov-
ered in the late 1800s, the invention 
of FUS is attributed to Johannes 
Gruetzmacher, who placed curved 
quartz on a piezoelectric generator 
to concentrate waves in 1935. Initial 
trials in humans targeted deep struc-
tures for movement disorders, but 
lesions were imprecise prior to the 
advent of modern imaging. Further-
more, large portions of skull were 
removed to mitigate wave distortion 
and surface heating. In 1998, the 
use of MRI and a helmet equipped 
with two arrays and 64 elements was 
shown to transmit pulsed sonication 
through a piece of a human skull 
to induce tissue destruction in an 
animal model, which catapulted FUS 
into widespread use.

Since then, myriad developments 
such as real-time MRI guidance, 
have improved the safety and effica-
cy of FUS ablation (Figure 1). As of 

this writing, three neurological indi-
cations have been FDA-approved for 
MRI-guided FUS (MRgFUS): thalam-
otomy for ET, thalamotomy for trem-
or-dominant PD, and pallidotomy for 
the motor symptoms of PD. Multiple 
additional indications are currently 
being investigated (Table 1).

Radiographic findings shortly after 
FUS ablation have been well charac-
terized as three concentric zones rep-
resenting target coagulation necrosis 
(Zone I), cytotoxic edema (Zone II), 
and perilesional vasogenic edema 
(Zone III).3 On T2 images, Zone I is 
seen as a central hypointense region. 
Zone II is strongly hyperintense 
region with a hypointense rim, while 
Zone III is a diffuse hyperintense 
region beyond Zone II (Figure 2). 
These regions appear 24 hours to 1 
week after treatment and disappear 
over 1-3 months, leaving a single, 
minimally T2 hypointense lesion. 
This T2 pattern was also observed by 
researchers evaluating MRgFUS-in-
duced lesions on T2, T1, diffusion 
weighted imaging, and susceptibility 
weighted imaging (SWI) at 3, 30, and 
180-day timepoints after treatment.4 
Over a longer time horizon, once 
T2 signal resolves, a shrinking or 
disappearance of the lesion can 
continue to be visualized through day 
180 on T1 scans. MRgFUS-induced 
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lesions have the most longevity on 
SWI, which is sensitive to even subtle 
hemosiderin remnants caused by the 
initial treatment.

Mechanism of Action for 
Ablation

The ablative action of focused ul-
trasound is dependent on frequency, 
which leads to either thermal or me-
chanical tissue destruction. At higher 
frequencies (~650 kHz), thermal 
ablation is predominant. The United 
States Food and Drug Administra-
tion (FDA) -approved hemispherical 
transducer (ExAblate 4000; Insightec, 
Inc) can achieve peak temperatures 
of 51°C to 60°C under continuous vi-
sual MR-guidance and MR-thermom-
etry with an accuracy of <2mm.

High incident angles (>20°) prohib-
it targets closer to the skull from suc-
cessful treatment; thermal ablation 
can only be applied to more central 
brain regions. Thick and poorly ho-
mogeneous skulls limit the penetra-
tion of ultrasound. Preoperative CT 
is obtained to assess patient-specific 
metrics such as skull thickness and 
skull homogeneity as quantified by 

skull density ratio (SDR). An SDR 
below 0.4 is considered inconducive 
to optimal thermal lesioning and 
FDA-labeling includes only patients 
with an SDR of 0.4 or higher.

At a single-center study, 50% of 
patients evaluated had a skull score 
under 0.4, suggesting that a signif-
icant number of patients may be 
ineligible for MRgFUS owing to  skull 
characteristics. 

Lower frequencies (around 220 
kHz) produce therapeutic mechani-
cal energy by interacting to rapidly 
expand and contract entrapped gas 
in a process called cavitation. Cavita-
tion to the point of tissue destruction 
is focal and leaves the surrounding 
tissue intact. Lower frequencies are 
less susceptible to acoustic absorp-
tion and higher incident angles, 
expanding the potential reach of 
MRgFUS to the entire intracrani-
al space. This remains an area of 
active research.

Current FDA-approved 
Indications 

MRgFUS ablation has become a 
well-established tool in functional 

neurosurgery for movement disorders 
such as ET and PD. Given the small 
size of tissue targets and their central 
location within the skull, as well as an 
aged patient population with higher 
operative risk, movement disorders 
approximate ideal indications for 
noninvasive thermal ablation.

Essential Tremor

In July 2016, thalamotomy for re-
fractory ET became the first FDA-ap-
proved intracranial use of MRgFUS. 
Essential tremor is the most com-
mon cause of action tremor in adults 
and remains progressive with no 
disease-modifying agents. Current 
first-line treatment for the condition 
consists of medical therapy; howev-
er, approximately 30% of patients see 
no therapeutic benefit.

Second-line treatment includes 
combination drug therapy. Patients 
failing adequate trials of medical ther-
apy may be offered surgical options, 
which include treating the ventral 
intermediate nucleus of the thalamus 
with deep brain stimulation (DBS) or 
thalamotomy. Treatment is largely 
unilateral owing to concerns for in-
creased complications with bilateral 

Figure 1. Timeline of focused ultrasound development and use from 1940 to 2021. AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; BBB = 
blood-brain barrier; BBBO = blood-brain barrier opening; DMG = diffuse midline glioma; FDA = US Food and Drug Administration; GBM = glioblastoma; 
MRgFUS = magnetic resonance-guided focused ultrasound; OCD = obsessive-compulsive disorder.
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Table 1. Current Clinical Trials of Focused Ultrasound for Intracranial Ablation
TRIAL NAME LOCATION

Essential Tremor (ET)

Bilateral Treatment of Medication Refractory ET The Ohio State Medical Center, Ohio, United States

A Second Magnetic Resonance Guided Focused Ultrasound 
Thalamotomy for ET

Sunnybrook Health Sciences Centre, Ontario, Canada

Bilateral ET Treatment With FUS Toronto Western Hospital, University Health Network, Ontario, Canada

Transcranial Ultrasound Therapy of ET Pitié-Salpêtrière Hospital, Paris, France

ExAblate Transcranial MRgFUS for the Management of Treatment-
Refractory Movement Disorders

“Sunnybrook Health Sciences Centre, Ontario, Canada 
Toronto Western Hospital, Ontario, Canada”

Parkinson’s Disease (PD)

ExAblate Pallidotomy for Medically-Refractory Dyskinesia Symptoms 
or Motor Fluctuations of Advanced PD

Multicenter: United States, Canada, Israel, Italy, Korea, Spain, Taiwan, UK

ExAblate Transcranial MRgFUS of the Subthalamic Nucleus for 
Treatment of PD

University of Virginia, Virginia, United States

MRgFUS Pallidothalamic Tractotomy for Therapy-Resistant PD Chinese PLA General Hospital, Beijing, China

A Clinical Trial for the Safety and Effect of MRGuided FUS 
Subthalamotomy for Medication Refractory PD

Osaka University Hospital, Osaka, Japan

Obsessive-compulsive Disorder (OCD)

The Use of Transcranial Ultrasound Treatment of OCD Neurological Associates of West LA, California, United States

Trial of MR-guided Focused Ultrasound (MRgFUS) Bilateral 
Capsulotomy for the Treatment of Refractory OCD

“Foothill Medical Centre, Alberta, Canada 
Sunnybrook Health Sciences Centre, Ontario, Canada”

Depression / Anxiety

The Use of Transcranial Focused Ultrasound for the Treatment of 
Depression and Anxiety

Neurological Associates of West LA, California, United States

The Impact of Focused Ultrasound Thalamotomy of the Anterior 
Nucleus for Focal-Onset Epilepsy on Anxiety

The Ohio State University, Ohio, United States

Trial of MR-guided Focused Ultrasound for Treatment of Refractory 
Major Depression

Sunnybrook Health Sciences Centre, Ontario, Canada

Pain

Feasibility Study of ExAblate Thalamotomy for Treatment of Chronic 
Trigeminal Neuropathic Pain

University of Virginia, Virginia, United States

MR Guided Focused Ultrasound (FUS) for the Treatment of Trigeminal 
Neuralgia

University of Maryland Medical Center, Maryland, United States

Feasibility Study of ExAblate Thalamotomy for Treatment of Chronic 
Trigeminal Neuropathic Pain

“Univ. of Maryland School of Medicine, Maryland, United States 
Univ. of Maryland Medical Systems, Maryland, United States”

Multimodal MRI for MRgFUS Central Lateral Thalamotomy in 
Neuropathic Pain

Chinese PLA General Hospital, Beijing, China

Focused Ultrasound (FUS) Mesencephalotomy for Head & Neck 
Cancer Pain

University of Virginia UVA Health, University Hospital, Virginia, United States

Epilepsy

A Pilot Study: Focused Ultrasound Thalamotomy for the Prevention of 
Secondary Generalization in Focal Onset Epilepsy

The Ohio State University, Columbus, Ohio, United States

MR-Guided Focused Ultrasound in the Treatment of Focal Epilepsy “Stanford University Medical Center, California, United States 
University of Kansas Medical Center, Kansas, United States 
Mayo Clinic, Minnesota, United States 
University of Virginia, Virginia, United States”
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thalamotomy, but recent evidence 
suggests a bilateral staged plan can 
be safe and effective. 
 Essential tremor remains the 
subject of numerous active clin-
ical trials to expand and opti-
mize its treatment.

Parkinson Disease 

Parkinson disease is the second 
most common neurodegenerative 
disease, with a steadily increasing 
global prevalence. More than 6 mil-
lion individuals are affected, a 2.5-fold 
increase over the past generation.

This number is projected to dou-
ble again by 2040, even to as high as 
17 million, given increasing longev-
ity, declining smoking rates, and 
increasing industrialization. 
 In 1960, 50 patients with PD were 
among the first treated with FUS, 
a 14-hour procedure that required 
craniotomy, with only temporary 
improvement at best.

As the drug L-dopa was developed, 
medical management became prima-
ry. In 2018, thalamotomy for trem-
or-dominant PD received FDA ap-
proval, becoming the only additional 

Figure 2. Axial T2 image after MRgFUS treatment demonstrating central Zone I and 
peripheral Zone II/III findings in the left thalamus.

Figure 3.  Intracranial targets for magnetic resonance-guided focused ultrasound ablation include thalamotomy, pallidotomy and pallidothalamic tractotomy 
for Parkinson’s disease (PD); anterior capsulotomy for major depressive disorder (MDD), and thalamotomy for chronic pain and essential tremor.
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intracranial indication for FUS.
For patients with treatment-re-

sistant PD, DBS has largely replaced 
conventional lesioning. The internal 
globus pallidus is commonly targeted 
in DBS, but its lateral location can 
be challenging for thermoablation. 
Nevertheless, MRgFUS pallidot-
omy has been shown to decrease 
tremor and improve motor func-
tion; FDA approval for pallidotomy 
has been granted.

A promising area of study is lesion-
ing of the pallidothalamic tract for 
chronic therapy-resistant PD. A re-
cent small study showed significant 
reductions in tremor and rigidity. 
 Currently, multiple clinical trials 
are underway worldwide to study 
thermoablation targets for PD. 

Frontier Indications

Psychiatric Diseases

MRgFUS capsulotomy is being 
studied as a potential treatment 
for obsessive–compulsive disorder 
(OCD), depression, and anxiety. 
Obsessive compulsive disorder is 
related to an imbalance of excit-
atory and inhibitory pathways in 
the corticostriatal–thalamocortical 
circuit. MRgFUS treatment has 
focused on the anterior limb of the 
internal capsule. Two trials studied 
MRgFUS anterior capsulotomy for 
medically refractory OCD with mod-
erate reduction in symptomatology 
in some patients.

Major depressive disorder (MDD) 
is highly prevalent and treatment-re-
fractory in one-hird of patients 
and is often comorbid with anxiety 
and other psychiatric illness. It is a 
heterogeneous disorder, implicating 
numerous structural and functional 
brain circuits, with historical surgical 
targets including the internal cap-
sule, anterior cingulate, subcaudate 
tracts, and limbic system. 

Clinical trials are underway to fur-
ther evaluate the efficacy of MRgFUS 
for MDD and anxiety.

Chronic Pain

Pain lasting more than three 
months may be as high as 10% in the 
US population. Focused ultrasound 
was approved by the FDA in 2012 for 
the treatment of pain from osseous 
metastases, and clinical trials to 
investigate intracranial applications 
of MRgFUS for pain are ongoing.

Anterior cingulate, brainstem, spi-
nal cord, and pituitary gland targets 
have all been considered, but the 
thalamus remains a principal target 
given its role in the relay of ascend-
ing nociceptive input from neurons 
of the spinal thalamic tract to key 
cortical areas. Bilateral central later-
al thalamic nuclei thermoablation in 
a small study produced pain relief in 
>50% of subjects at 1 year.

Treatment of the neuropathic pain 
associated with trigeminal neuralgia 
with MRgFUS bilateral medial thala-
motomy is being studied.

Chronic pain is a heterogeneous 
disease with multifactorial effectors, 
and while MRgFUS will not be a 
cure-all it will likely join the broad 
armamentarium of medical, percuta-
neous, and surgical treatments. 

Epilepsy

Two clinical trials of MRgFUS in 
epilepsy are ongoing: one to investi-
gate ablation of the anterior nucleus 
of the thalamus to prevent second-
ary generalization in focal onset 
epilepsy; the other in patients with 
comorbid moderate-to-severe anxi-
ety. MRgFUS for epilepsy remains a 
nascent field for study. 

Conclusion
Since its FDA approval in 2016, 

FUS has gained popularity among 
researchers, clinicians, and patients. 
Its utility is particularly relevant in 
neurological diseases where small, 
deep lesions provide a large effect in a 
multitude of pathological conditions 
(Figure 3). MRgFUS thalamotomy for 
ET and thalamotomy or pallidotomy 

for PD are becoming increasingly 
common.  Initial studies of safety and 
efficacy for additional indications 
ranging from depression to neuro-
pathic pain are encouraging and may 
soon garner regulatory approval. 

Given the aging US population as 
well as the growing prevalence of 
diseases considered for treatment, 
MRgFUS should solidify its role as 
a noninvasive ablative therapeutic 
option for an increasing number of 
patients. Diagnostic and interven-
tional radiologists should be familiar 
with the appearances of lesions on 
neuroimaging studies and the role 
this therapeutic modality can play 
in patient care. 
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