
Ultrasound is one of the safest and most versatile diag-
nostic modalities in medicine. Focused ultrasound (FUS) 
refers to ultrasound that is focused via a curved trans-
ducer, lens or phased array, such that the pressure is high-
est at a small target and minimal elsewhere. Although 
its therapeutic potential has been known for decades, 
the thermal and mechanical effects of FUS have only 
recently been recognized as clinically important. FUS 
has been approved for the treatment of a range of condi-
tions, including uterine fibroids and breast, prostate and 
liver lesions1,2. Brain applications have traditionally been 
hampered by the skull, which attenuates and distorts 
ultrasound transmission; however, technical, imaging 
and medical advances in the past two decades have led 
to a surge of interest in FUS as an important brain inter-
vention, influencing brain structure and function while 
obviating the need for specific cranial access.

These advances are occurring in the context of an 
urgent and growing need for safe and effective approaches 
to the most common brain disorders. In 2016, the WHO 
estimated that one- third of the global population is 
affected by psychiatric or neurological conditions at 
some point in their lives. Alzheimer disease (AD) alone 
is predicted to cost the worldwide economy an esti-
mated US$2 trillion by 2030, potentially overwhelming 
the health and social care system3. New treatments for 
brain diseases, from AD to brain tumours, have lagged 

behind our improved understanding of the genetics, bio-
logy and pathology of these conditions. The reasons for 
this lag include the limitations of preclinical models to 
accurately reflect human pathology, the heterogeneous 
nature of the diseases themselves and the restrictions to  
potential therapies that are imposed by the blood–brain  
barrier (BBB)4,5. Furthermore, some currently established 
therapies, such as open surgical approaches or brain  
implants for AD and Parkinson disease (PD), carry  
inherent operative risks6.

FUS is a promising alternative to surgery, whereby 
unique thermal or mechanical effects can be harnessed 
to non- invasively and precisely intervene in key circuits 
that underlie common brain conditions. Recent trials 
have led to the clinical adoption of FUS for some move-
ment disorders, with budding applications in psychiatry, 
chronic pain, epilepsy and other conditions7,8. In addi-
tion to its widespread use for thermoablation, the poten-
tial ways in which FUS can interact with brain tissue, 
from BBB opening (BBBO) to neuromodulation, have 
led to substantial interest in its use as a safe therapeutic 
option.

In this Review, we provide a comprehensive overview 
and update of the applications of therapeutic ultrasound 
in the brain9, with an emphasis on current and emerging 
clinical indications. We review the principles and mech-
anisms of FUS as well as the relevant preclinical literature 
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that has provided the rationale for clinical translation. 
With rapid developments in the field, our focus is on 
clinical and human studies that have been published in 
the past 5 years, highlighting both the promise and the 
challenges of this treatment modality.

Historical and mechanistic perspective
The principal attraction of therapeutic FUS is the abi-
lity to exert biological effects through the intact skull. 
Capitalizing on reduced tissue trauma, inflammation 
and pain, minimally invasive interventions are generally 
associated with lower surgical risks and shorter recovery 
compared with more invasive procedures10. However, 
bone strongly attenuates, reflects and distorts ultra-
sound, resulting in inefficient delivery and off- target 
effects. The skull also varies widely in thickness and den-
sity between individuals11. The presence of hair, which 
introduces air, additionally reduces and distorts the 
delivery of ultrasound by up to 80%, although the effects 
vary considerably depending on factors such as the  
characteristics of the hair and the ultrasound frequency12.

In the 1950s, Russell Meyers, Peter Lindstrom and 
William and Francis Fry, among others, led the initial 
trials of FUS to treat movement and psychiatric dis-
orders and brain tumours13,14. Lars Leksell also wrote 
on CNS applications of ultrasound and was said to be 
particularly interested in treating psychiatric disorders 
with FUS15, before developing ionizing radiation for 
non- invasive ablation16. These early attempts to adminis-
ter FUS to the brain required a craniectomy and sonication 
was performed in the operating room before replacing 
the skull bone. A skin flap over a craniectomy created 
a window for repeated FUS hyperthermia treatments17 
and thermoablation of tumours18.

Several advances have led to an acceleration of 
research activity in the field of FUS over the past two 
decades. Transcranial FUS was made feasible by the 
implementation of phased array transducers and 
real- time MRI thermometry monitoring around the 
turn of this century19 (Fig. 1). Individual adjustments 
to the phase and amplitude of transducer elements can 
correct for aberrations introduced by the skull during 
ultrasound propagation20,21. These corrections can be 
calculated from patient- specific information such as 
head CT scans or acoustic measurements20,22. Magnetic 
resonance (MR) coupling further enabled real- time 

monitoring of the lesion and temperature during son-
ication, thereby overcoming some of the limitations 
of established techniques such as radiofrequency and 
stereotactic radiosurgery23,24. The skull can also be cir-
cumvented by direct placement of the transducer on the 
dural surface via a small craniotomy25 (Fig. 2). For some 
low- power applications, lens- based aberration correc-
tion, whereby an ultrasound beam from a single trans-
ducer is focused by a patient- specific acoustic lens26, 
could be a cost- effective approach.

Two principles, temperature elevation and cavitation, 
are essential to understanding the biological effects 
of ultrasound. With high- intensity FUS, ultrasound 
absorption in the targeted medium can cause local-
ized thermal necrosis within seconds27. Temperatures 
of >56 °C typically cause rapid tissue necrosis28 — the 
dominant biological effect when high- intensity FUS is 
used for thermoablation (Fig. 3).

Cavitation refers to the oscillation of bubbles in 
response to pressure waves. In stable cavitation, bubbles 
oscillate without collapse but can cause mechanical stress 
on the vessel walls that comprise the BBB. Exogenously 
introduced microbubbles can facilitate stable cavitation 
at reduced power, enabling a biological effect such as 
BBBO to be achieved without mechanical or thermal 
injury to the vessel or parenchyma29. In inertial cavita-
tion, bubbles expand during the low- pressure phase of 
the wave and begin to contract during the high- pressure 
phase, eventually resulting in collapse and produc-
ing immense local heating and shockwaves, which are 
damaging and undesirable. Histotripsy is an emerg-
ing method to control this type of cavitation, allowing 
rapid mechanical ablation with high- energy ultra- short  
ultrasound pulses30.

Thermoablation
Ablative procedures have been practised since the 
early days of neurosurgery for a wide range of indica-
tions, ranging from psychiatric to neurological disease. 
Whether using direct means (for example, leucotomy), 
radiofrequency or implanted radioactive seeds, the goal 
of ablative surgery was to interrupt pathological brain 
circuits that drive troublesome symptoms. With the 
development of deep brain stimulation (DBS), in which 
implanted leads are used to deliver an electric current, 
a non- ablative option emerged, providing the ability 
to titrate clinical effects and create reversible effects31. 
For some disorders, including PD, DBS has become 
the standard of care32. However, DBS is highly resource 
intensive, can only be offered at specialized centres and 
is associated with the attendant risks of a brain oper-
ation, including haemorrhage, infection and device 
malfunction.

MR- guided FUS (MRgFUS) is an incisionless 
image- guided procedure in which FUS is delivered 
transcranially and with stereotactic precision. To date, 
the only FDA- approved neurological indications for 
MRgFUS are thalamotomy for essential tremor (ET) and 
tremor- dominant PD (TDPD), using the high- frequency 
ExAblate 4000 system (InSightec, Haifa, Israel). Early 
attempts in neuro- oncology failed to achieve sufficient 
temperature increases owing to technical limitations33. 

Key points

•	recent advances have led to a surge of interest in focused ultrasound (FuS) as a 
non- invasive, potentially disruptive tool for the most intractable neurological 
conditions.

•	magnetic resonance- guided FuS thermoablation has been approved for the 
treatment of essential tremor and tremor- dominant Parkinson disease and is being 
investigated in psychiatric applications as well as in chronic pain and epilepsy.

•	Transient opening of the blood–brain barrier for drug delivery is a burgeoning field, 
with early human studies demonstrating a favourable safety profile as well as 
versatility across and scalability within a range of clinical indications.

•	Future studies will investigate the delivery of established pharmaceuticals and novel 
therapies in combination with FuS blood–brain barrier opening.

•	emerging applications are also harnessing the myriad of ways in which FuS can 
interact with the CnS, including immune modulation and neuromodulation.

Blood–brain barrier
(BBB). A structural and 
functional border along the 
capillaries in the brain that 
tightly regulates paracellular 
and transcellular transport.

Craniectomy
A surgical procedure in which  
a piece of the skull is removed 
and the overlying skin flap is 
replaced to create a window 
for ultrasound propagation.

Sonication
The active delivery of 
ultrasound. Currently, each 
typical sonication lasts 
~0.5 min for thermoablation 
and ~1 min for blood–brain 
barrier (BBB) opening. A rest 
period allows scalp cooling in 
thermoablation and systemic 
clearance of microbubbles in 
BBB opening.

Cavitation
The change of a liquid to a  
gas state when subjected to 
reduced pressures and/or 
interactions of ultrasound  
with gas bubbles.
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Although subsequent work demonstrated successful par-
tial ablation of a centrally located tumour34, the mixed 
results overall underscore the importance of achieving 
broader treatment envelopes and larger ablation volumes 
for effective ablative tumour treatment.

Small, centrally located targets that require a high 
degree of anatomical precision, such as those used in 
functional neurosurgery (for example, thalamotomy, 
pallidotomy or subthalamotomy), seem to be best suited 
to high- intensity MRgFUS. Central targets minimize 
the ultrasound incidence angles at the skull, allow more 
economical utilization of the hemispheric array and, 
ultimately, provide a more efficient on- target tempera-
ture increase and less skull heating35. This less invasive 
approach to lesioning has led to a resurgence of inter-
est in ablative procedures in functional neurosurgery, 
beginning with ET (Fig. 1).

Essential tremor
ET is one of the most common movement disorders, 
characterized by postural and kinetic action tremor 
frequently isolated to the upper extremities. ET affects 
~1% of the population worldwide, with a strong genetic 
component. First- line treatment is medical, most com-
monly with propranolol or primidone, but as many as 
half of the patients do not benefit from and/or tolerate 

pharmacotherapy36. The disability that results from ET 
substantially compromises the quality of life of patients. 
The pathophysiology of ET is still emerging, although the  
condition is known to be highly heterogeneous and is 
likely to be a syndrome rather than a specific disease37. 
The anatomical underpinnings of ET, by contrast, have 
been well established through imaging, electrophysio-
logy, investigation of stroke syndromes and neurosurgi-
cal interventions38,39. In treatment- refractory ET, ablation 
or stimulation of the ventral intermediate nucleus 
(VIM) of the thalamus (a relay structure between the 
cerebellum and the motor cortex) is the standard of care. 
Ablation of the VIM stops the pathological oscillations 
that are responsible for the tremor, providing excellent 
clinical benefits40.

On the basis of the well- established safety and 
efficacy profile of thalamotomy for ET, two pilot tri-
als using MRgFUS were conducted in patients with 
medically refractory ET41,42. Both trials established the 
safety, technical feasibility and potential efficacy of uni-
lateral lesions in the VIM. A subsequent randomized, 
sham- controlled pivotal trial in 76 patients demon-
strated significant between- group differences in tremor 
at 3 months, with a 47% relative tremor reduction in 
the treated patients at this time7. An analysis of adverse 
events revealed paraesthesia (14%) and gait disturbance 

Year

N
um

be
r o

f p
ub

lic
at

io
ns

1990
0

20

40

60

80

100

120

140

160

180

200

1995 2000 2005 2010 2015 2020

1991
FUS combined with 
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safety and efficacy 
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1990
Combination of FUS, 
hyperthermia and 
radiotherapy to treat 
malignant brain 
tumours

2001
Transient BBB 
opening with FUS 
and intravenous 
microbubbles is 
safe in animals

1942
Lynn and colleagues report first 
animal FUS study

1950
Fry brothers report first animal and 
human studies of FUS delivered 
through a cranial window

1962
FUS thermoablation for neurological 
disorders administered through a 
cranial window

2006
FUS BBB opening 
delivers targeted 
trastuzumab 
therapy in animals

2009
First incisionless 
MRgFUS surgery; 
thalamotomy for 
chronic pain

2010
First reported 
attempt at 
transcranial FUS 
thermoablation 
of brain tumours

2018
First-in-human study of 
transcranial FUS BBB 
opening in patients 
with Alzheimer disease

2019
Transcranial FUS 
BBB opening is 
safe and feasible 
in primary motor 
cortex of patients 
with ALS

2017
FUS BBB opening 
delivers tau-specific 
single chain antibody 
in tauopathy animal 
model

2016
MRgFUS thalamotomy safe and effective 
in pivotal trial for essential tremor

2016
Intracranial pulsed ultrasound safely 
induces BBB opening in patients with 
recurrent glioblastoma on carboplatin

2013
First non-invasive 
modulation of 
behaviour using 
FUS in awake 
non-human 
primates

2015
First MRgFUS 
capsulotomy 
in patients 
with OCD

2013
Pilot clinical 
trials of 
MRgFUS 
thalamotomy 
for essential 
tremor

1998
Phased-array 
technology 
allows 
transcranial 
applications

Fig. 1 | The FUS literature. The graph shows publications per year on focused ultrasound (FUS) in the brain since 1990  
(red line) with major milestones in the field superimposed. ALS, amyotrophic lateral sclerosis; BBB, blood–brain barrier; 
MRgFUS, magnetic resonance- guided FUS; OCD, obsessive–compulsive disorder. The MRI scan in the inset was adapted 
from reF.122, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Treatment envelopes
The spatial extent of the brain 
regions where the desired 
biological effect (for example, 
thermoablation) can be 
successfully achieved with FUS.
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(9%) at 12 months. Quality- of- life measures improved 
following MRgFUS, both in this pivotal trial and in sub-
sequent trials in other cohorts43. Open- label long- term 
follow- up showed a relative tremor improvement of  
43% and 56% in two separate cohorts, supporting the 
longevity of the treatment effect for ET44,45. A subset 
of 12 patients showed a tremor reduction of 56% at  
4 years46. Some patients in whom the clinical benefit has 
waned over time might benefit from retreatment47.

The safety profile of MRgFUS thalamotomy has been 
comprehensively reviewed48. Of 443 adverse events in 
186 patients, 79%, 20% and 1% were mild, moderate 
and severe, respectively. Sonication- related adverse 
events (for example, headache), paraesthesia and imbal-
ance were the most common. Of the five severe adverse 
effects, two were sonication- related and self- limiting 
within days of the procedure and three were ataxia. The 
rate of serious adverse events is lower than would be 
expected for more invasive procedures, in which surgical 
complications, such as infection and intracranial haem-
orrhage, are material risks. Although a larger lesion size 
is associated with greater tremor reduction, lesion vol-
ume also correlates with the risk of adverse events such 

as gait imbalance45,49,50. Studies using advanced structural 
imaging, such as lesion mapping relative to key anatom-
ical pathways, have helped to enhance the spatial accu-
racy of targeting and to identify targeting approaches 
that improve outcomes49,51,52.

In 2019, the American Society for Stereotactic and 
Functional Neurosurgery endorsed the clinical practice 
of MRgFUS thalamotomy for ET53. Several cost–utility 
comparisons of MRgFUS, medical therapy and DBS 
have all found MRgFUS to be a cost- effective health- care 
technology and treatment for ET54,55. The safety and effi-
cacy of bilateral MRgFUS thalamotomy, performed in a 
staged manner, is also being evaluated in a single- arm, 
open- label study (NCT0346576 and NCT04112381).  
In addition, the role of MRgFUS thalamotomy for 
patients with focal dystonia (ventro- oral thalamotomy) 
and non- ET tremor is currently under investigation56–58.

Parkinson disease
PD is the second most common neurodegenerative  
condition, affecting >3% of people over the age of 
80 years59. PD is marked by progressive loss of nigrostri-
atal dopaminergic neurons and current treatments are 
generally aimed at replacing dopamine or mimicking its 
action. Both ablative surgery and DBS are options for 
patients who cannot tolerate medical therapy or whose 
symptoms, despite optimized medical treatment, are 
inadequately controlled. The globus pallidus interna 
(GPi) and subthalamic nucleus (STN) are two common 
targets for the treatment of cardinal motor features and 
motor fluctuations, with the GPi being favoured for 
levodopa- induced dyskinesias60. The VIM is a target 
for patients with TDPD, which comprises 7% of all PD 
cases. Additional targets have been explored for subsets 
of patients, for example, pedunculopontine nucleus or 
spinal cord stimulation for postural instability, but these 
approaches remain investigational61,62.

Leveraging the early experience with MRgFUS VIM 
lesions, a randomized controlled trial (RCT) was con-
ducted in 27 patients with TDPD8. Patients experienced 
an improvement of 62% in the on- medication Clinical 
Rating Scale for Tremor score at 3 months from unilat-
eral thalamotomy, compared with an improvement of 
22% from sham procedures (P = 0.04). No differences in 
Montreal Cognitive Assessment and Beck Depression 
Inventory II scores were observed between the two 
groups. Three severe treatment- related adverse events 
were reported, two of which were persistent mild hemip-
aresis, suggesting that the safety profile might be affected 
in a more vulnerable patient population such as those 
with complex conditions or comorbidities.

The STN is the most common surgical target in PD 
and subthalamotomies are among the oldest ablative 
procedures in functional neurosurgery. The role of the 
STN in the circuitry underlying PD was established 
through research in preclinical models and neuro-
physio logical studies that linked synchronous neuronal  
firing in the beta frequency band to PD symptoms63. 
In a prospective open- label study of ten patients with 
asymmetric PD, eight responded with a >30% reduction 
in both off- medication and on- medication Unified PD 
Rating Scale part III scores for the treated hemibody 

ExAblate Neuro CarThera SonoCloud

NaviFUS

Fig. 2 | Current therapeutic ultrasound devices for brain applications. The ExAblate 
Neuro system comprises a phased array of transducers coupled to an MRI system. The 
elements line the concave inner surface of a helmet that is placed close to the scalp with 
intervening degassed water. NaviFUS is another transcranial system. Like ExAblate Neuro, 
NaviFUS is multi- channelled but with fewer elements on a smaller surface area. Navigation 
of the device is based on pre- procedure imaging. The CarThera SonoCloud implanted 
ultrasound device is powered through a bipolar needle introduced through the skin for 
each treatment. The ExAblate Neuro systems are employed for both thermoablation and 
blood–brain barrier opening whereas NavFUS and CarThera SonoCloud are currently 
being investigated for blood–brain barrier opening.

Beta frequency
Sustained beta frequency 
oscillations (12.5–30 Hz) in  
the cortex and subthalamic 
nucleus are a characteristic of 
Parkinson disease and related 
motor impairments.
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6 months after unilateral MRgFUS subthalamotomy64. 
The response was immediate on completion of FUS 
treatments. Transient adverse events included ataxia 
(60%), facial asymmetry (10%) and mild- to- moderate 
disinhibited behavioural changes (20%), with no signif-
icant differences on cognitive assessments. Two patients 
had postoperative dyskinesia but improved with time 
or medication adjustments. Results from a larger RCT 
(NCT03454425) are expected to be published soon.

Lesioning of the GPi, also known as pallidotomy, is 
another established ablative treatment for PD. However, 
the GPi is located more laterally than the STN or the 
VIM and, hence, achieving a sufficiently high tempera-
ture for coagulative necrosis via MRgFUS can be chal-
lenging. In a non- blinded study, MRgFUS pallidotomy 

was successful in eight of ten participants, with statis-
tically significant reductions of 32.2% and 39.1% in 
off- medication Unified PD Rating Scale part III scores 
and of 52.7% and 42.7% in the Unified Dyskinesia 
Rating Scale at 6 and 12 months, respectively65. One 
individual experienced severe off- target effects in the 
internal capsule, manifesting as dysarthria and grade III 
hemiparesis. An RCT to compare MRgFUS pallidotomy 
against sham is under way (NCT03319485). Unilateral 
pallidothalamic tractotomy in a case series of patients 
with PD showed promising safety and efficacy outcomes; 
however, this will also require further comparisons with 
other targets and modalities in RCTs66.

Adverse events have been recognized for all types of 
bilateral lesions; therefore, staged bilateral procedures 
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as predominantly thermal or mechanical. The top panels illustrate the effects that have been demonstrated so far in 
humans. High- intensity FUS delivered through the intact skull creates a coagulative necrotic lesion with millimetric 
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FUS neuromodulation potentially offers higher spatial and temporal resolution than existing techniques, with the ability 
to non- invasively target deep brain regions (part c). The bottom panels illustrate emerging FUS effects that are at more 
preliminary stages of development. Hyperthermia to increase radiosensitivity and immunogenicity of tumour cells  
(part d). Ultrasound- responsive drug carriers for targeted delivery (part e). Histotripsy for non- invasive mechanical 
fractionation of large volumes of tissue or blood clot (part f).
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should be evaluated only after establishing a favourable 
safety and efficacy profile with unilateral procedures67. 
Feasibility testing of staged bilateral MRgFUS sub-
thalamotomies is under way (NCT03964272). Ongoing 
work also includes utility and cost comparisons of 
MRgFUS and DBS in PD to determine how to inte-
grate MRgFUS into the current treatment algorithm68. 
For patients who do not want or cannot undergo open 
surgery, such as elderly individuals with comorbidities, 
MRgFUS might be the recommended option. In patients 
who live far from specialized neuromodulation centres 
or who do not want an implanted device, a less invasive 
option may be more attractive. The cost of implants, 
battery replacements and associated maintenance are 
additional important considerations.

OCD and major depression
Obsessive–compulsive disorder (OCD) is one of  
the most common anxiety disorders, affecting ~2% 
of the general population69. OCD is characterized by 
unwanted anxiogenic repetitive thoughts and behav-
iours that can render patients incapacitated, leading to 
reductions in quality of life and high rates of morbidity 
and suicidality69. First- line treatment consists of cogni-
tive behavioural therapy or selective serotonin reuptake 
inhibitors, in particular clomipramine. Despite treat-
ment, 20–30% of patients have intractable illness and 
might benefit from surgical options70.

An imbalance of excitatory and inhibitory path-
ways in the corticostriatal–thalamocortical circuit is 
thought to form the neural substrate of OCD symptoms. 
Neuroimaging studies in people with OCD have con-
sistently found hyperactivity in the orbitofrontal cortex, 
caudate and anterior cingulate cortex71,72. Surgical targets 
for DBS include the ventral striatum, the subthalamic 
nucleus, the anterior limb of the internal capsule and the 
anterior cingulate cortex; the latter two regions have also 
been targeted for ablation73. Level I evidence has been 
obtained for surgery in patients with severe refractory 
OCD74. Between 40% and 60% of these individuals will 
respond to surgical treatment, regardless of modality, 
with patient and treatment centre- specific factors often 
influencing the choice of approach75,76. Although lesion-
ing obviates the need for a permanent implant, battery 
replacement and regular programming, the efficacy and 
safety of this intervention relative to DBS has yet to be 
established in OCD. A meta- analysis of DBS in people 
with OCD showed that 20% of patients experienced 
transient worsening of anxiety during programming77. 
Conversely, problems with executive function have been 
reported in patients after capsulotomy76.

MRgFUS capsulotomy targeting the centrally 
located anterior limb of the internal capsule was inves-
tigated in a pilot study involving four patients with 
treatment- refractory OCD. The participants showed a 
mean improvement of 33% on the Yale Brown Obsessive 
Compulsive Scale (YBOCS) at 6 months78. Two of the 
four patients were classed as responders (>35% improve-
ment in YBOCS score). A 2- year follow- up study with 
the addition of seven more patients showed a mean 
reduction of 37.8% in YBOCS score, with seven patients 
being categorized as responders and six considered to 

be in remission (YBOCS score ≤12)79. No appreci-
able behavioural adverse events or changes in neuro-
psychological functioning were reported, contrary to the 
historical experience with other ablative techniques80. 
These improvements might be related to the generation 
of smaller, more precise lesions, which is made possible 
with real- time imaging guidance and thermographic 
feedback. In a separate open- label trial of MRgFUS 
capsulotomy in six patients with refractory OCD, four 
patients were treatment responders at 6 months. The 
treated patients showed stable neuropsychological 
performance as well as widespread metabolic reduc-
tions on 18F- FDG PET, in agreement with the previous  
capsulotomy literature81.

Major depressive disorder (MDD) affects ~6% 
of the general population and shows a high degree of 
overlap with other psychiatric and medical disorders, 
including OCD82. About one- third of patients with 
MDD are treatment refractory despite pharmaco-
therapy and psychotherapy. Multiple structural and 
functional brain circuit alterations that have been 
implicated in MDD are targets for neuromodulation, 
including MRgFUS thermoablation82. A patient who 
underwent MRgFUS bilateral anterior capsulotomy to 
treat MDD showed a significant improvement (from 
26 to 7) on the Hamilton Depression Rating Scale, with 
no reported physical or cognitive adverse effects83. In an 
open- label trial of MRgFUS capsulotomy in six patients 
with refractory MDD, two of the participants were 
treatment responders at 6 months81. The safety pro-
file of the intervention was favourable and no adverse 
neuropsychological or cognitive effects were reported.

Chronic pain
Chronic pain is defined as persistent or recurrent pain 
lasting ≥3 months84. The emergence of the opioid epi-
demic has brought the health and socioeconomic bur-
den of pain into sharp focus, leading to calls for research 
into different management options beyond medical 
therapy85. Chronic pain is also associated with high rates 
of depression and anxiety. Targets for ablative therapies 
for chronic neuropathic pain include the thalamus, 
anterior cingulate, brainstem, spinal cord and pitui-
tary gland86. However, the quality of evidence to date is 
poor, consisting mainly of case series without blinding 
or placebo control, which is problematic given the large  
placebo effect in this population.

In one study, the bilateral central lateral thalamic 
nuclei were targeted with MRgFUS thermoablation 
in nine patients with chronic neuropathic pain of 
various aetiologies. Pain relief of >50% was reported 
in six patients at 3 months and in five patients at 
1 year following surgery24,87; another open- label study 
(NCT03111277) is ongoing. The level of evidence is 
currently low, although MRgFUS does provide an 
opportunity for placebo- controlled studies. Indeed, 
a  randomized, double- blinded study of MRgFUS 
bilateral thalamotomy for chronic trigeminal pain is 
actively recruiting (NCT03309813). Outside the CNS, 
MRgFUS ablation of the stump neuroma is being inves-
tigated in an open- label trial to treat chronic phantom 
limb pain (NCT03255395). Other studies (for example,  
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NCT04283643) are adopting a neuromodulation 
approach, using low- intensity FUS88.

Blood–brain barrier opening
The BBB is composed of tight junctions and membrane 
transporters, receptors and channels (for example, 
ATP- binding cassette transporters) that tightly regu-
late the passage of systemically circulating substances 
into the brain parenchyma89. The BBB plays a crucial role 
in CNS homeostasis by regulating interstitial fluid com-
position, peripheral and central cellular signalling, and 
immunity90,91. Dysfunction of the BBB has been impli-
cated in numerous brain diseases, including multiple 
sclerosis, AD and amyotrophic lateral sclerosis (ALS)89. 
Even when partial breakdown is evident, such as within 
the malignant tumour environment, the BBB presents a 
critical obstacle to achieving sufficient bioavailability of 
therapeutics in the brain92,93.

The BBB restricts a wide range of therapeutic agents 
from entering the CNS94. Even for small molecules, pen-
etration can be suboptimal, requiring large doses that 
increase the risk of systemic adverse effects and incur 
high costs95,96. As a result, the possibility of incorpora-
ting various methods to circumvent the BBB, includ-
ing FUS, into treatment workflows is currently being 
explored (Box 1).

BBBO is one of the most extensively investigated 
FUS applications, with the safety and efficacy of FUS 
BBBO having been validated in hundreds of preclinical 
studies, from rodents to non- human primate models, as 
well as in both health and disease97. The use of FUS in 
combination with microbubbles increases BBB perme-
ability, which manifests as enhanced intracellular and 
paracellular transport. Mechanical forces from stable 
microbubble cavitation induce structural and functional 
disruption of the tight junctions, decreased expression 

of P- glycoprotein and increased formation of caveolae98. 
The temperature rise induced by FUS BBBO is negli-
gible and the power employed to achieve BBBO is typ-
ically at least three orders of magnitude below what is 
necessary for thermoablation99,100. In addition, cerebral 
vessels are resilient to the mechanical stress imposed 
by stable microbubble cavitation, allowing BBB inte-
grity to be restored without haemorrhagic or ischaemic  
complications after BBBO.

The consequences of exposure of brain tissue to 
blood constituents, such as fibrinogen, after BBBO 
include a transient inflammatory response involving 
the elevation of pro- inflammatory cytokine levels and 
microglial activation100. The impact of chronic FUS 
BBBO treatment continues to be elucidated, although 
several studies indicate that the inflammatory response 
is mild and short lived (<2 weeks), even after repeated 
administration101–104. No long- term complications, 
such as persistent BBB dysfunction, were observed. 
Furthermore, behavioural, neuroimaging and mor-
phological characteristics were preserved even after 
biweekly BBBO over 4 months in non- human primates 
or 6 months in rats105,106.

The degree of BBBO is modulated by transducer 
frequency, ultrasound pressure amplitude, exposure 
duration, burst parameters, microbubble size and 
dosage107–109. FUS BBBO has enabled dextran molecules 
of up to 2,000 kDa to be delivered safely to the brain110. 
By comparison, therapeutic antibodies have a molecu-
lar weight of ~150 kDa with a brain penetration of <1% 
of the injected dose and thus should be amenable to 
delivery via FUS BBBO95. Indeed, FUS has been shown 
to dramatically enhance the bioavailability of antibod-
ies such as trastuzumab in the brain107. In addition to 
antibodies111–114, other successful deliverables include 
chemotherapeutics115,116, viral constructs (for example, 
adeno- associated virus serotype 9)117 and cells118–120. 
Furthermore, evidence exists that FUS can be targeted 
to achieve BBBO in a wide range of different brain 
regions with varying vasculature and structural prop-
erties, including cortical targets111, hippocampus117, 
striatum117,121 and brainstem115.

Several FUS BBBO devices are currently under devel-
opment and active investigation, including ExAblate 
Neuro 4000 220 kHz (InSightec, Haifa, Israel)122, 
NaviFUS (NaviFUS, Taipei, Taiwan)123 and SonoCloud-9 
(CarThera, Paris, France)124 (Fig. 2). The former two sys-
tems employ extracranial FUS phased array transduc-
ers that can correct for skull- induced distortions. The 
geometric focus of the transducer array is mechanically 
positioned to the target through a system that combines 
intraoperative MRI and head fixation (ExAblate) or pre-
operative MRI and optical neuronavigation (NaviFUS). 
The devices further electronically scan a smaller tar-
get volume around the geometric focus. ExAblate uses 
real- time image guidance with the patient in the MRI 
scanner, whereas NaviFUS treatment is administered 
outside the MRI environment.

SonoCloud is an ultrasound device that is surgically 
implanted in a hole in the skull bone. The latest iteration, 
SonoCloud-9, has nine emitters and generates larger 
BBBO volumes than previous SonoCloud devices, which 

Box 1 | FUS BBB disruption and other current BBB technologies

approaches to breaching the blood–brain barrier (BBB) can be categorized as biological 
or physical. Biological methods include the coadministration of a drug that improves 
transcellular or paracellular transport (for example, mannitol or elacridar)198, re- engineered 
drugs for receptor- mediated uptake (for example, transferrin receptor199 or lrP1- targeting 
peptide200) and drug carriers (for example, nanoparticles). Physical methods include 
radiation therapy201, localized therapy with drug- embedded biomaterials202,203 and 
convection- enhanced delivery (CeD). CeD has been used in clinical trials to treat 
diffuse intrinsic pontine glioma and Parkinson disease95.

CeD is a familiar technique to neurosurgeons but the drug delivery is localized and 
invasive. By comparison, focused ultrasound (FuS) BBB opening is non- invasive and 
temporary and can be applied to focal yet distributed brain regions. FuS can also be 
combined with other therapies without further drug modifications, although it might 
modify drug–target interactions and thus drug safety and efficacy profiles. Parameters 
such as ultrasound and microbubble dosing can be adjusted to achieve an appropriate 
level of BBB opening129,148,215.

after successful completion of initial phase I trials, identifying the optimal FuS–
therapy combination and dosage is the next step. one approach is to repurpose existing 
therapeutics that are effective for systemic pathology (for example, immunotherapy for 
melanoma or breast cancer or enzyme replacement therapy for neuronopathic Gaucher 
disease or Parkinson disease associated with GBA mutations) for CnS conditions. Gene 
therapy and gene editing are other promising approaches that could potentially be 
combined with FuS. FuS- aided gene therapy delivery has been extensively studied in 
rodent models130,149,216. Studies in large animal models, such as non- human primates, will 
be crucial for ensuring the safety of these modalities. additionally, industry and academic 
partnerships will be needed to scale up efforts to large multicentre trials.

P- glycoprotein
A member of the ATP- binding 
cassette transporter B 
subfamily that pumps a wide 
range of foreign substances out 
of cells and is important in 
multidrug resistance.
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had a single emitter125. At each treatment session, the 
device is powered through a subcutaneous port, requir-
ing piercing through the skin. This system is intuitive 
for the clinician and practical for the patient in terms 
of mobility and ease of multiple treatments. However, 
the possible trade- offs include the inability to change the 
target during treatment and to cover large, irregular or 
multiple lesions, as in the case of large tumours.

Neurodegenerative diseases
Alzheimer disease. AD is the most common neurode-
generative disorder and its prevalence is projected to  
triple by 2050 (reF.126). AD is characterized by progressive 
cognitive decline resulting from widespread neurode-
generation and is associated with considerable morbidity 
and mortality127. Numerous therapeutics to address one 
of the pathological hallmarks of AD, that is, the accumu-
lation of amyloid- β (Aβ) in the brain, have been inves-
tigated over the past two decades with little success128.  
In trials of approaches such as passive immunother-
apy, an important consideration is whether sufficient 
amounts of an agent have crossed the BBB to achieve 
therapeutic levels in the brain.

The urgent need for disease- modifying therapy 
underlies a strong research interest in developing 
FUS- mediated drug delivery for AD. Early animal 
experiments with passive amyloid and tau immuno-
therapies and neurotrophic factors showed that FUS 
enhanced the clearance of pathological proteins from 
the brain111,114,129,130. Notably, BBBO alone reduced the 
amyloid plaque load and improved memory perfor-
mance in transgenic models102,131–133. The extravasation 

of endogenous immunoglobulin (for example, IgG and 
IgM) and clustering of activated microglia around amy-
loid plaques suggested a role for immune recognition 
in generating this effect102. FUS BBBO also reliably 
induces neurogenesis in rodents, which might be sec-
ondary to activation of the pro- survival AKT–GSK3β 
pathway134,135.

Based on this body of work, a pilot study in people 
with AD was launched using the transcranial MRgFUS 
(ExAblate Neuro 220 kHz) device with 5 × 10 × 7 mm3 
target volumes in the right frontal lobe122 (Fig. 4). Five 
patients with mild- to- moderate AD were enrolled 
and underwent the procedure twice over a period of 
1 month. Immediately upon sonication, the sonicated 
regions became hyperintense on contrast T1- weighted 
MRI, indicating increased permeability to gadolin-
ium. No serious adverse events, clinically significant 
changes in neurocognitive scores or adverse effects 
on serial MRI (for example, haemorrhage or oedema) 
were detected. Although BBB dysfunction has been 
reported in people with AD, in this study, the integrity 
of the BBB recovered by ~24 h after treatment in all 
participants136. Furthermore, the Aβ load, as measured 
by 18F- florbetaben PET, remained stable at the 1- month 
time point.

A recent study demonstrated the safety and fea-
sibility of transient BBBO within the hippocampus 
in people with early AD137. The favourable safety 
profile of this approach has prompted worldwide 
efforts to test larger- volume BBBO across multiple 
brain regions (NCT03739905 and NCT03671889) 
as well as early- phase studies with different devices 

BBB opening for Alzheimer disease

MRgFUS capsulotomy for 
OCD and MDD

MRgFUS pallidotomy for
Parkinson disease

BBB opening for Alzheimer disease
FUS neuromodulation of
primary visual cortex

FUS BBB opening for primary
brain tumours

FUS BBB opening for ALS

MRgFUS thalamotomy for essential 
tremor, TDPD and chronic pain

Fig. 4 | Intracranial applications of FUS in humans. ALS, amyotrophic lateral sclerosis; BBB, blood–brain barrier;  
FUS, focused ultrasound; MDD, major depressive disorder; MRgFUS, magnetic resonance- guided FUS;  
OCD, obsessive–compulsive disorder; TDPD, tremor- dominant Parkinson disease.
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(NCT04118764 and NCT03119961). Establishing an 
excellent safety profile sets the stage for drug delivery 
trials, which are in active development. Preclinical and 
early clinical experience will guide the selection of ther-
apeutics to be delivered with FUS. The pathophysiology 
of AD, in particular the contribution of Aβ to the clin-
ical picture, remains an area of active investigation and 
debate. The next phase of clinical trials of FUS in AD 
will need to combine BBBO with the most promising 
therapeutic agents to directly address AD pathology138.

Amyotrophic lateral sclerosis. ALS is a relatively rare neuro-
degenerative disease that shows rapid progression139,  
with an average survival time of ~2–4 years following 
diagnosis. Patients with ALS experience muscular weak-
ness, wasting and spasticity resulting from upper and  
lower motor neuron degeneration. Various cellular  
and microenvironmental abnormalities, including oxi-
dative stress, protein handling defects, excitotoxicity and 
neuroinflammation, have been identified in ALS140,141. 
The success of translating initially promising therapies 
from the bench to the bedside has been limited, with only 
two drugs (riluzole and edaravone) having shown modest 
benefit on disease progression142,143. One of the theories of 
motor neuron degeneration involves the cortical hyper-
excitability that is detected early in ALS144. Evidence from 
preclinical studies suggests that targeting of neuropro-
tective or neuroregenerative strategies, such as growth 
factors or gene or cell therapies, to the primary motor 
cortex via FUS BBBO could be an effective approach145,146.

In a single- arm, open- label study, transient BBBO 
using FUS was tested in the non- dominant primary 
motor cortex of four patients with ALS who had severe 
leg or arm weakness147. Two patients were on stable doses 
of riluzole and one patient was receiving edaravone. 
Sonication of the eloquent cortex was asymptomatic, 
and no serious procedure- related adverse events were 
detected on clinical, radiological and laboratory examina-
tions, including EEG. Transient adverse effects included 
mild- to- moderate discomfort from aspects of the pro-
cedure such as immobilization or the stereotactic frame. 
FUS BBBO did not result in the acceleration of disease 
progression, as determined through motor power, 
functional measurements and cognitive testing.

Parkinson disease. Gene therapy has generated con-
siderable interest as a potential treatment for PD but 
the opportunities remain to be realized. Convection- 
enhanced delivery (CED) has been used to deliver viral 
constructs expressing neurotrophic factors to the stria-
tum in preclinical models and patients with PD148. The 
hurdles to this approach include achieving sufficient 
distribution of the infusion volume past the catheter 
tip and providing justification to implement invasive 
neuroprotective strategies at early disease stages before 
substantial neurodegeneration has taken place. In rodent 
models, various biological therapies have been explored 
in combination with FUS, including the delivery of 
neuro trophic factors, gene therapy and vector- based 
short hairpin RNA for gene silencing149–151.

Clinical protocols for striatal BBBO, with or with-
out therapeutic agents, are being developed globally. 

An ongoing pilot study (NCT03608553) is targeting 
the parietal lobe of patients with PD dementia. Of all the 
potential therapeutics, gene therapy, with a minimal dos-
ing regimen, is arguably optimally suited to FUS. If these 
early clinical trials show target engagement, then FUS 
technology, which is less invasive than CED, will lower 
the threshold for enrolment into surgical trials and 
should enable the treatment of patients at earlier stages 
of the disease.

Neuro- oncology
High- grade glioma, in particular glioblastoma, remains 
one of the most intractable and fatal of all cancers4. 
No real progress has been made in extending life expec-
tancy since the adoption of the protocol by Stupp et al. 
in 2005 (reF.152). An expert panel has identified the failure 
of drugs to penetrate the BBB to any clinically mean-
ingful extent as an important reason for poor treat-
ment response4. Two open- label studies, one using the 
ExAblate device combined with systemic temozolomide 
and the other using the SonoCloud device combined 
with systemic carboplatin, demonstrated that transient 
BBBO was safe, well tolerated and technically feasible 
in 5 patients with high- grade glioma and in 19 patients 
with recurrent high- grade glioma, respectively25,153,154. 
In addition, a phase I dose- escalation study to test the 
NaviFUS system in patients with recurrent glioblastoma 
(NCT03626896) has been completed and publication of 
the results is pending.

In the ExAblate study described above, no adverse  
events grade 3 or higher according to the Common  
Terminology Criteria for Adverse events were reported. 
Surgical tissue specimens did not reveal increased 
temozolomide concentrations in the brain, although 
delays in sampling (resections were performed ~24 h  
after FUS BBBO) might have limited the reliability  
of this outcome measure153. No survival data were 
reported for this study. In a follow- up report of all 
21 patients in the SonoCloud study, grade 3 and 4 
adverse events were mostly linked to carboplatin toxi-
city or underlying illness in patients with recurrent 
glioblastoma154. One patient required reoperation fol-
lowing device malfunction, one developed a subdural 
hygroma and another developed a transient facial 
palsy. Presumably owing to the enhanced bioavail-
ability of carboplatin, median progression- free sur-
vival was 4.11 months in patients with clear BBBO, 
compared with 2.73 months in patients with no or  
poor BBBO.

The immunosuppressive glioblastoma microenviron-
ment, along with the BBB, enables tumour cells to evade  
the systemic immune system4,155. By breaking the immune- 
privileged status of the CNS, FUS BBBO could be bene-
ficial for tumour cell detection and initiation of an 
antitumour immune response156. The immunological  
impact of FUS is a fascinating area of research and 
preclinical studies have demonstrated the feasibility of 
FUS- based immunomodulation of brain and systemic 
cancers120,156,157. Therefore, the combination of FUS 
BBBO and immunotherapies could have a synergis-
tic antitumour response. However, potential additive 
risks, such as autoimmune encephalitis, will need to be 

Stereotactic frame
A stereotactic frame is fixed to 
the head to provide a reference 
for precise targeting. Common 
examples include the Leksell 
(polar coordinate) and 
Cosman–roberts–Wells 
(Cartesian coordinate) frames.

Common Terminology 
Criteria for Adverse Events
The Common Terminology 
Criteria for Adverse events 
allows the standardized 
classification of adverse events 
with condition- specific severity 
designations. generally, grade 1  
denotes a mild adverse event 
and grade 5 denotes death.
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considered when designing trials of this approach158,159. 
FUS BBBO might also be useful for visualizing the 
structure and function of the human glymphatic system, 
which provides a conduit for immune surveillance and 
waste clearance in the CNS160,161.

Numerous clinical investigations combining FUS 
and chemotherapy in patients with new and recur-
rent primary brain tumours are ongoing107,162 (Fig. 5; 
Supplementary Table 1). Recently, Park et al. described 
the feasibility and safety of repeated FUS BBBO in 
patients with glioblastoma who were undergoing 
standard maintenance temozolomide chemotherapy163. 
Although temozolomide is already known to penetrate 
the BBB and has an excellent systemic safety profile, this 
study is notable in establishing patient acceptability of 
repeated procedures, providing the catalyst for combi-
nations with other antitumour therapies. For instance, 
compelling evidence of tumour response in xenograft 
HER2 brain tumours after FUS plus trastuzumab is driv-
ing forward phase I clinical testing in patients with meta-
static breast cancer (NCT03714243). Another early trial, 
SONIMEL01 (NCT04021420), is using the SonoCloud 
system to deliver nivolumab to the brains of patients with 
melanoma brain metastases. Diffuse pontine intrinsic 
glioma, a devastating cancer in children, is also of press-
ing interest given the difficulty of safe surgical access and 
the dearth of available effective treatments and clinical 
trials are under active devel opment115. Finally, the ability 
to breach the blood–spinal cord barrier, though nascent, 
will be an important area of research in the near future, 
with potential implications for the treatment of spinal 
cord injury and tumours164.

Other mechanisms and applications
Neuromodulation
The appeal of neuromodulation lies in the ability to 
restore or prevent functional decline by ‘fine- tuning’ 
the pathological circuits underlying brain disorders. 
Examples of transformative neuromodulation include 
DBS for PD and transcranial magnetic stimulation 
(TMS) for MDD31,165. Another example is the discovery  
of optogenetics, which has unleashed the potential to 
interrogate and understand the neural substrates of 
behaviour in the laboratory166.

FUS neuromodulation has several potential advan-
tages over these existing modalities. In contrast to 
transcranial direct current stimulation and TMS, FUS 
can target deep brain regions with millimetric spatial 
resolution7,167,168. Compared with DBS, FUS is less inva-
sive, eliminating surgical risks and permitting versatility 
in serial and repeat treatments. A range of brain regions, 
including the hippocampus, frontal lobe, motor cortex, 
putamen and substantia nigra, can be sonicated by repo-
sitioning or steering the transducers122,137,147,169. The tech-
nical feasibility of sonicating multiple diffuse structures 
in a single sitting is currently being tested in the context 
of BBBO (NCT03739905 and NCT03671889).

Preclinical studies using various assays, including 
immunohistochemistry, electrophysiology, in vivo cal-
cium imaging, neuroimaging and behavioural tests, 
have confirmed that low- intensity pulsed FUS can both 
inhibit and enhance neural activity in superficial and 
deep brain regions168,170–172. Although the initial results 
are promising, several factors have impeded clinical 
translation of this technology. These factors include the 
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Optogenetics
A neuromodulation technology 
that uses specific wavelengths 
of light to excite or inhibit 
neurons through light- sensitive 
ion channels, which can be 
introduced through viral 
transfection.
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large variability in transducer design and parameters as 
well as a lack of consensus on the mechanisms of action 
and robustness of the effects. The in vivo pressure fields 
that dictate the biological effects will differ substantially 
according to species, age and sex, partly owing to vari-
ations in skull shape and properties173. For example, in 
rodents where the head dimension is comparable to 
ultrasound wavelengths, complex pressure distribu-
tions can form within the skull, sometimes leading to 
activation of the auditory pathway and a related startle 
response174–176. According to a simulation analysis of 
experimental conditions from selected studies, increases 
in temperature could be another confounder177.

Efforts over the past 2 years are rapidly moving towards 
filling the translational gap. These experiments focused 
on identifying effective parameters for neuromodu-
lation with equipment and animal models that better 
resemble those in human studies (for example, 250 kHz 
trans ducers, non- human primates)167,168,171,172,178,179. Using  
modern laboratory techniques, major advances were 
made in elucidating the mechanisms of FUS neuro-
modulation, including inhibition via transient hyper-
thermia and excitation via effects on membrane- bound 
mechanosensitive receptors (for example, astrocytic 
TRPA1), synaptic transmission, and postsynaptic regu-
lation167,180–182. Intravascular microbubbles can also aug-
ment the mechanical effects of ultrasound or transiently 
open the BBB, thereby aiding neuromodulation183–186. 
Another key discovery was the offline effect of FUS  
on the basal forebrain, anterior cingulate cortex and 
amygdala up to 2 h post- stimulation168,171,172.

With these recent translational studies and a well- 
established safety profile, low- intensity FUS is poised for 
human studies. The potential impact will be determined 
by initial testing in patients with epilepsy, neurodegen-
erative disease and psychiatric disorders169,182,187 (Fig. 5; 
Supplementary Table 1). A study in healthy individu-
als showed that sonication of the primary visual cortex 
could elicit phosphenes concurrent with activation of 
this region on blood oxygen level- dependent functional 
MRI188. Another study using functional MRI suggested 
that the spatial resolution of FUS stimulation is superior 
to that of TMS189. Low- intensity FUS was found to be 
safe in patients with PD or AD but target engagement 
of the hippocampus and substantia nigra has yet to be 
demonstrated169,190. NEUROLITH (Storz Medical AG, 
Tägerwilen, Switzerland) is a clinical prototype designed 
for neuromodulation that uses an optical tracking sys-
tem for navigation. Randomized sham- controlled trials 
of NEUROLITH in AD and PD are ongoing.

Other applications of FUS neuromodulation include 
the delivery or triggering of optogenetic and chemo-
genetic constructs, peripheral nerve stimulation and tar-
geted delivery of psychoactive agents191–197. Vagus nerve 
stimulation can activate cholinergic anti- inflammatory 
pathways, which might be beneficial in inflammatory and 
autoimmune conditions191. Ultrasound- responsive nan-
odroplet carriers can be loaded with lipophilic psycho-
active drugs, such as propofol and barbiturates, and 
local release results in reliable neural inhibition192,196. 
The delivery of GABA with or without BBBO has also 
been proposed and proof- of- concept studies have been 

conducted in rodent and primate models193,198. This 
approach combines the flexibility of FUS with the reli-
able and robust effects of pharmacological agents that 
are already approved for human administration, thereby 
providing a clear pathway for clinical translation.

Emerging approaches
Emerging applications are harnessing the myriad of ways 
in which FUS can interact with the CNS. Indeed, few 
modalities have as diverse an array of biological effects 
on tissue as ultrasound. Although thermoablation and  
BBBO are the most common approaches, additional 
FUS mechanisms, including hyperthermia, sono-
dynamic therapy, sonothrombolysis and histotripsy,  
are under active investigation.

Hyperthermia therapy, in which the temperature 
of the target tissue is raised to 40–45 °C, can enhance 
tumour cell chemotherapy uptake, radiosensitivity and 
immunogenicity199,200. In preclinical glioblastoma mod-
els, the addition of hyperthermia before radiotherapy 
impaired DNA repair, survival pathway activation and 
glioma stem cell proliferation in vitro and in vivo201. 
Hyperthermia therapy is one of the most potent radio-
sensitizers and has the potential to improve treatment 
outcomes and reduce radiation toxicity in people with 
brain tumours. However, to date, clinical studies have 
focused predominantly on systemic cancers202. Only 
one brain application, using a single element transducer 
through a cranial window, has been reported in patients 
with glioblastoma17. Although the current generation of 
devices are non- invasive and allow unprecedented flex-
ibility and precision, hyperthermia therapy with FUS 
remains challenging owing to excessive skull heating 
when large and off- centre targets are treated.

Another potential FUS approach in neuro- oncology 
is sonodynamic therapy, which involves the use of ultra-
sound to generate reactive oxygen species from sonosen-
sitizers. Sonodynamic therapy is similar in principle to 
photodynamic therapy but is less invasive and has shown 
promise in controlling tumour growth in vivo203.

Sonothrombolysis is the dissolution of intravascular 
thrombus, using ultrasound alone or with microbubbles, 
to treat ischaemic stroke. A Cochrane meta- analysis pub-
lished in 2012 found that the addition of pulsed ultra-
sound to tissue plasminogen activator within 12 h of 
symptom onset significantly decreased the rate of failure 
to recanalize (OR 0.28) and the rate of death or disabil-
ity at 3 months (OR 0.50) without an increased risk in 
intracranial haemorrhage204. However, a larger multicen-
tre, double- blind phase III RCT, CLOTBUST- ER, did not 
find a difference in modified Rankin scale scores between 
ultrasound plus alteplase and alteplase alone groups 90 
days after acute ischaemic stroke205. Owing to the success 
of endovascular thrombectomy, which emerged during 
the study period, the results were reanalysed, excluding 
centres with a biased randomization of patients to endo-
vascular thrombectomy trials. This post hoc analysis 
found that the addition of ultrasound to the treatment 
protocol was associated with an increased rate of func-
tional independence206. The widespread adoption of 
endovascular techniques could hamper the further devel-
opment of sonothrombolysis to treat ischaemic stroke206. 
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However, because the ultrasound device employed is 
non- invasive, operator independent and potentially less 
costly than endovascular treatment, its efficacy might 
still be evaluated in specific clinical scenarios, rural 
communities or as an adjunct to current standards.

Histotripsy is a technique in which high- intensity, 
microsecond- range ultrasound pulses fractionate tis-
sue within seconds to minutes by means of cavitation. 
Applications include rapid non- thermal tissue ablation 
or liquefaction of clots to facilitate the minimally inva-
sive removal of intracranial haemorrhages30,207. Data on 
the safety of histotripsy are still preliminary, particularly 
in the context of transcranial applications. Histotripsy 
ablation via a craniectomy seems to be feasible in vivo, 
with negligible off- target tissue injury being observed on 
histology30,208. If successful, histotripsy will dramatically 
expand the treatment envelope and volume of tissue 
ablated by FUS and will provide a powerful addition to 
the minimally invasive surgical armamentarium.

Challenges and future directions
Despite the rapid progress in therapeutic FUS over the 
past decade, considerable scope remains for technical 
and clinical advancement. Currently, high- intensity FUS 
thermoablation is inefficient for peripheral brain regions, 
large lesions and in patients with unfavourable skull mor-
phology such as a low skull density ratio (SDR)209. A SDR 
of <0.45 is a relative contraindication to MRgFUS ther-
moablation owing to reduced efficiency of ultrasound 
propagation. Although large datasets show that MRgFUS 
thalamotomy is feasible with a SDR of <0.45, consider-
able heat deposition in the skull bone can be intolerably 
painful and result in injuries to the bone marrow210,211. 
Furthermore, for lesions close to the skull base, sensitive 
neurovascular structures (for example, the optic nerve) 
are at risk. Technical advancements that are anticipated in  
the coming years include optimized ultrasound focusing 
and correction, patient- specific ultrasound arrays212, and 
microbubble- mediated non- thermal ablation to mini-
mize heating and expand the treatment envelope down 
to the skull base213. Currently, clinical efforts in FUS 
thermoablation are aimed at improving tolerability (for 
example, through the use of shorter procedure times and 
neuroimaging adjuncts) and uncovering new indications 
for FUS, including subcortical lesions that cause epilepsy 
such as hypothalamic hamartoma and tuberous sclerosis 
lesions (NCT02804230).

The development of less invasive devices will help 
to address practical and ethical challenges in surgi-
cal trials. The decreased surgical risks associated with 
non- invasive modalities can render randomization, 
blinding and sham surgeries more practical and less 
ethically controversial214. In addition, minimally invasive 
modalities are likely to be more acceptable to patients 
and referring clinicians. However, any new technology 
must be evaluated in the appropriate cultural and eth-
ical context, for example, to ensure equitable distribu-
tion of resources and access to participation in clinical 
research. Frequent and active engagement of all stake-
holders, including scientists, clinicians, patients, funders 
and  industry, should be encouraged to proactively 
define and explore the most important issues.

Many questions remain unanswered with regard to 
FUS BBBO; for example, how much drug passes through 
the BBB? What is the optimal therapeutic for a given 
disease indication? What is the safety profile of chronic 
BBBO? The immediate objective of the field is to estab-
lish direct measures of therapeutic delivery and target 
engagement in humans. To achieve the ultimate goal 
of improved clinical outcomes, broad interdisciplinary 
collaborations will be required, for example, to source 
radiopharmaceuticals or tissue or cerebrospinal fluid 
samples (NCT03714243). The identification of optimal 
therapeutics to cross the BBB could be guided by pre-
vious trials involving CED and intrathecal injections.  
In the case of intracranial metastatic diseases, for 
instance, antitumour therapies that are efficacious 
against systemic lesions but do not cross the BBB offer 
an economical approach to this problem. The success of 
FUS BBBO will hopefully unlock exciting opportunities 
to deliver nanoparticle drug carriers and viral constructs, 
although these agents are still in the early stages of 
development and will require systemic administration. 
Studies in large animal models, such as non- human pri-
mates, and judicious conduct of appropriately designed 
clinical trials that aim to capture valid outcomes are  
necessary to bridge the translational gap.

Over the next two decades, we will undoubtedly see 
many of these questions answered, as existing pharma-
ceuticals are revisited and novel therapies are explored 
in combination with FUS delivery. To achieve these 
objectives and make an impact on the most intractable 
conditions affecting humanity, a global, concerted effort 
through research networks and consortia is needed.

Conclusions
The current generation of FUS represents the culmina-
tion of decades of research and lies at the convergence of 
global expertise in medical physics, engineering, imag-
ing, biology and neuroscience (Fig. 5). The past 5 years 
have seen a surge in innovation and global producti-
vity in FUS clinical efforts, with the demonstration of a 
favourable safety profile as well as versatility across and 
scalability within several clinical indications. Following 
regulatory approval of MRgFUS thalamotomy for ET and 
tremor- dominant PD, thermoablation has gone from 
experimental treatment to standard of care. Efficacy 
data for drug delivery via FUS BBBO are anticipated over 
the next 2 years, probably within the neuro- oncology 
field initially. Additionally, a growing number of  
registered trials are addressing the application of FUS 
neuro modulation in epilepsy, AD, PD, depression and  
traumatic brain injury (Supplementary Table 1).

Over the next decade, we expect to see a continued 
increase in our understanding of FUS mechanisms and 
more widespread coupling of FUS with promising ther-
apeutics. However, many challenges remain and the role 
of FUS in the treatment of brain disease will continue to 
be explored in this highly dynamic and exciting field. 
Only through continued collaboration and global efforts 
can progress be made in developing safe and effective 
therapies for the most challenging brain conditions.

Published online 26 October 2020

Skull density ratio
(SDr). The ratio of cancellous 
to cortical bone density in  
the skull.

www.nature.com/nrneurol

R e v i e w s

18 | January 2021 | volume 17 



1. Aubry, J.-F. et al. The road to clinical use of high- 
intensity focused ultrasound for liver cancer: technical 
and clinical consensus. J. Ther. Ultrasound 1, 13 (2013).

2. Tempany, C. M. C., McDannold, N. J., Hynynen, K. & 
Jolesz, F. A. Focused ultrasound surgery in oncology: 
overview and principles. Radiology 259, 39–56 (2011).

3. El- Hayek, Y. H. et al. Tip of the iceberg: assessing the 
global socioeconomic costs of Alzheimer’s disease  
and related dementias and strategic implications  
for stakeholders. J. Alzheimers Dis. 70, 323–341 
(2019).

4. Aldape, K. et al. Challenges to curing primary brain 
tumours. Nat. Rev. Clin. Oncol. 16, 509–520 (2019).

5. Makin, S. The amyloid hypothesis on trial. Nature 
559, S4–S7 (2018).

6. Lozano, A. M. et al. A phase II study of fornix deep 
brain stimulation in mild Alzheimer’s disease.  
J. Alzheimers Dis. 54, 777–787 (2016).

7. Elias, W. J. et al. A randomized trial of focused 
ultrasound thalamotomy for essential tremor. N. Engl. 
J. Med. 375, 730–739 (2016).  
This pivotal study led to regulatory approval  
of the first approved indication for MRgFUS 
thermoablation in the treatment of essential 
tremor.

8. Bond, A. E. et al. Safety and efficacy of focused 
ultrasound thalamotomy for patients with medication- 
refractory, tremor- dominant Parkinson disease:  
a randomized clinical trial. JAMA Neurol. 74,  
1412–1418 (2017).  
This pivotal study led to regulatory approval of the 
second — and, to date, only other — approved 
clinical indication for MRgFUS thermoablation  
in the treatment of TDPD.

9. Leinenga, G., Langton, C., Nisbet, R. & Götz, J. 
Ultrasound treatment of neurological diseases — 
current and emerging applications. Nat. Rev. Neurol. 
12, 161–174 (2016).

10. Gandaglia, G. et al. Effect of minimally invasive 
surgery on the risk for surgical site infections: results 
from the National Surgical Quality Improvement 
Program (NSQIP) Database. JAMA Surg. 149,  
1039–1044 (2014).

11. Hynynen, K. & Jones, R. M. Image- guided ultrasound 
phased arrays are a disruptive technology for non- 
invasive therapy. Phys. Med. Biol. 61, R206–R248 
(2016).

12. Raymond, S. B. & Hynynen, K. Acoustic transmission 
losses and field alterations due to human scalp hair. 
IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 52, 
1415–1419 (2005).

13. Meyers, R. et al. Early experiences with ultrasonic 
irradiation of the pallidofugal and nigral complexes in 
hyperkinetic and hypertonic disorders. J. Neurosurg. 
16, 32–54 (1959).

14. Nelson, E., Lindstrom, P. A. & Haymaker, W. 
Pathological effects of ultrasound on the human brain: 
a study of 25 cases in which ultrasonic irradiation was 
used as a lobotomy procedure. J. Neuropathol. Exp. 
Neurol. 18, 489–508 (1959).

15. Leksell, L. Echo- encephalography. I. Detection of 
intracranial complications following head injury.  
Acta Chir. Scand. 110, 301–315 (1956).

16. Jagannathan, J. et al. High- intensity focused 
ultrasound surgery of the brain: part 1 — a historical 
perspective with modern applications. Neurosurgery 
64, 201–210 (2009).

17. Guthkelch, A. N. et al. Treatment of malignant brain 
tumors with focused ultrasound hyperthermia and 
radiation: results of a phase I trial. J. Neurooncol. 10, 
271–284 (1991).

18. Ram, Z. et al. Magnetic resonance imaging- guided, 
high- intensity focused ultrasound for brain tumor 
therapy. Neurosurgery 59, 949–955 (2006).

19. Hynynen, K. et al. Pre- clinical testing of a phased 
array ultrasound system for MRI- guided noninvasive 
surgery of the brain — a primate study. Eur. J. Radiol. 
59, 149–156 (2006).

20. Clement, G. T. & Hynynen, K. A non- invasive method 
for focusing ultrasound through the human skull. 
Phys. Med. Biol. 47, 1219–1236 (2002).

21. Aubry, J.-F. & Tanter, M. MR- guided transcranial 
focused ultrasound. Adv. Exp. Med. Biol. 880, 
97–111 (2016).

22. Haworth, K. J., Fowlkes, J. B., Carson, P. L. & 
Kripfgans, O. D. Towards aberration correction  
of transcranial ultrasound using acoustic droplet 
vaporization. Ultrasound Med. Biol. 34, 435–445 
(2008).

23. Hynynen, K., Darkazanli, A., Unger, E. & Schenck, J. F. 
MRI- guided noninvasive ultrasound surgery. Med. Phys. 
20, 107–115 (1993).

24. Jeanmonod, D. et al. Transcranial magnetic resonance 
imaging- guided focused ultrasound: noninvasive 
central lateral thalamotomy for chronic neuropathic 
pain. Neurosurg. Focus 32, E1 (2012).

25. Carpentier, A. et al. Clinical trial of blood–brain 
barrier disruption by pulsed ultrasound. Sci. Transl. 
Med. 8, 343re2 (2016).

26. Maimbourg, G., Houdouin, A., Deffieux, T., Tanter, M. 
& Aubry, J.-F. 3D- printed adaptive acoustic lens as  
a disruptive technology for transcranial ultrasound 
therapy using single- element transducers. Phys. Med. 
Biol. 63, 025026 (2018).

27. Haar, G. T. & Coussios, C. High intensity focused 
ultrasound: physical principles and devices.  
Int. J. Hyperth. 23, 89–104 (2007).

28. Mouratidis, P. X. E., Rivens, I., Civale, J., Symonds- 
Tayler, R. & Ter Haar, G. ‘Relationship between 
thermal dose and cell death for “rapid” ablative and 
“slow” hyperthermic heating’. Int. J. Hyperth. 36, 
228–242 (2019).

29. Hynynen, K., McDannold, N., Vykhodtseva, N. & 
Jolesz, F. A. Noninvasive MR imaging- guided focal 
opening of the blood–brain barrier in rabbits. 
Radiology 220, 640–646 (2001).

30. Sukovich, J. R. et al. In vivo histotripsy brain 
treatment. J. Neurosurg. 131, 1331–1338 (2019).

31. Lozano, A. M. et al. Deep brain stimulation: current 
challenges and future directions. Nat. Rev. Neurol. 15, 
148–160 (2019).

32. Deuschl, G. et al. A randomized trial of deep- brain 
stimulation for Parkinson’s disease. N. Engl. J. Med. 
355, 896–908 (2006).

33. McDannold, N., Clement, G. T., Black, P., Jolesz, F. & 
Hynynen, K. Transcranial magnetic resonance imaging- 
guided focused ultrasound surgery of brain tumors: 
initial findings in 3 patients. Neurosurgery 66,  
323–332 (2010).

34. Coluccia, D. et al. First noninvasive thermal ablation  
of a brain tumor with MR- guided focused ultrasound. 
J. Ther. Ultrasound 2, 17 (2014).

35. Jung, N. Y. et al. Factors related to successful energy 
transmission of focused ultrasound through a skull:  
a study in human cadavers and its comparison with 
clinical experiences. J. Korean Neurosurg. Soc. 62, 
712–722 (2019).

36. Benito- León, J. & Louis, E. D. Essential tremor: 
emerging views of a common disorder. Nat. Rev. 
Neurol. 2, 666–678 (2006).

37. Elble, R. J. The essential tremor syndromes. Curr. Opin. 
Neurol. 29, 507–512 (2016).

38. Elble, R. J. Mechanisms of deep brain stimulation for 
essential tremor. Brain 137, 4–6 (2014).

39. Sharifi, S., Nederveen, A. J., Booij, J. &  
van Rootselaar, A.-F. Neuroimaging essentials in 
essential tremor: a systematic review. Neuroimage Clin. 
5, 217–231 (2014).

40. Dallapiazza, R. F. et al. Outcomes from stereotactic 
surgery for essential tremor. J. Neurol. Neurosurg. 
Psychiatry 90, 474–482 (2019).

41. Lipsman, N. et al. MR- guided focused ultrasound 
thalamotomy for essential tremor: a proof- of-concept 
study. Lancet Neurol. 12, 462–468 (2013).

42. Elias, W. J. et al. A pilot study of focused ultrasound 
thalamotomy for essential tremor. N. Engl. J. Med. 
369, 640–648 (2013).

43. Scantlebury, N. et al. Change in some quality of life 
domains mimics change in tremor severity after 
ultrasound thalamotomy. Mov. Disord. 34, 1400–1401 
(2019).

44. Chang, J. W. et al. A prospective trial of magnetic 
resonance guided focused ultrasound thalamotomy  
for essential tremor: results at the 2-year follow- up. 
Ann. Neurol. 83, 107–114 (2017).

45. Meng, Y. et al. Magnetic resonance- guided focused 
ultrasound thalamotomy for treatment of essential 
tremor: a 2-year outcome study: MRgFUS thalamotomy 
for ET: 2-year outcome. Mov. Disord. 33, 1647–1650 
(2018).

46. Park, Y.-S., Jung, N. Y., Na, Y. C. & Chang, J. W. 
Four-year follow- up results of magnetic resonance- 
guided focused ultrasound thalamotomy for essential 
tremor. Mov. Disord. 34, 727–734 (2019).

47. Weidman, E. K., Kaplitt, M. G., Strybing, K. &  
Chazen, J. L. Repeat magnetic resonance 
imaging-guided focused ultrasound thalamotomy  
for recurrent essential tremor: case report and  
review of MRI findings. J. Neurosurg. 132, 211–216 
(2020).

48. Fishman, P. S. et al. Neurological adverse event profile 
of magnetic resonance imaging- guided focused 
ultrasound thalamotomy for essential tremor.  
Mov. Disord. 33, 843–847 (2018).

49. Boutet, A. et al. Focused ultrasound thalamotomy 
location determines clinical benefits in patients with 
essential tremor. Brain 141, 3405–3414 (2018).

50. Pineda- Pardo, J. A. et al. Transcranial magnetic 
resonance- guided focused ultrasound thalamotomy  
in essential tremor: a comprehensive lesion 
characterization. Neurosurgery 87, 256–265 (2019).

51. Wintermark, M. et al. Thalamic connectivity in 
patients with essential tremor treated with MR 
imaging- guided focused ultrasound: in vivo fiber 
tracking by using diffusion- tensor MR imaging. 
Radiology 272, 202–209 (2014).

52. Pineda-Pardo, J. A. et al. Microstructural changes  
of the dentato- rubro-thalamic tract after transcranial 
MR guided focused ultrasound ablation of the 
posteroventral VIM in essential tremor. Hum. Brain 
Mapp. 40, 2933–2942 (2019).

53. Pouratian, N., Baltuch, G., Elias, W. J. & Gross, R. 
American Society for Stereotactic and Functional 
Neurosurgery position statement on magnetic 
resonance- guided focused ultrasound for the 
management of essential tremor. Neurosurgery  
87, E126–E129 (2020).

54. Ravikumar, V. K. et al. Cost- effectiveness of focused 
ultrasound, radiosurgery, and DBS for essential 
tremor. Mov. Disord. 32, 1165–1173 (2017).

55. Li, C. et al. Cost- effectiveness of magnetic resonance- 
guided focused ultrasound for essential tremor.  
Mov. Disord. 34, 735–743 (2019).

56. Horisawa, S. et al. A single case of MRI- guided 
focused ultrasound ventro- oral thalamotomy for 
musician’s dystonia. J. Neurosurg. 131, 384–386 
(2018).

57. Meng, Y., Suppiah, S., Scantlebury, N., Lipsman, N.  
& Schwartz, M. L. Treatment of a patient with task- 
specific writing tremor using magnetic resonance- 
guided focused ultrasound. Can. J. Neurol. Sci. 45, 
474–477 (2018).

58. Fasano, A. et al. MRI- guided focused ultrasound 
thalamotomy in non- ET tremor syndromes. Neurology 
89, 771–775 (2017).

59. Poewe, W. et al. Parkinson disease. Nat. Rev. Dis. 
Primers 3, 17013 (2017).

60. Kalia, S. K., Sankar, T. & Lozano, A. M. Deep brain 
stimulation for Parkinson’s disease and other 
movement disorders. Curr. Opin. Neurol. 26, 374–380 
(2013).

61. Prasad, S. et al. Spinal cord stimulation for very 
advanced Parkinson’s disease: a 1-year prospective 
trial. Mov. Disord. 35, 1082–1083 (2020).

62. Stefani, A. et al. Bilateral deep brain stimulation  
of the pedunculopontine and subthalamic nuclei in 
severe Parkinson’s disease. Brain 130, 1596–1607 
(2007).

63. López- Azcárate, J. et al. Coupling between beta and 
high- frequency activity in the human subthalamic 
nucleus may be a pathophysiological mechanism in 
Parkinson’s disease. J. Neurosci. 30, 6667–6677 
(2010).

64. Martínez- Fernández, R. et al. Focused ultrasound 
subthalamotomy in patients with asymmetric 
Parkinson’s disease: a pilot study. Lancet Neurol. 17, 
54–63 (2018).  
This small open- label trial showed that unilateral 
MRgFUS subthalamotomy was technically feasible, 
effective and associated with a relatively low risk of 
hemichorea–ballism.

65. Jung, N. Y. et al. The efficacy and limits of magnetic 
resonance- guided focused ultrasound pallidotomy for 
Parkinson’s disease: a phase I clinical trial. J. Neurosurg. 
130, 1853–1861 (2018).

66. Gallay, M. N. et al. MRgFUS pallidothalamic 
tractotomy for chronic therapy- resistant Parkinson’s 
disease in 51 consecutive patients: single center 
experience. Front. Surg. 6, 76 (2020).

67. Alvarez, L. Bilateral subthalamotomy in Parkinson’s 
disease: initial and long- term response. Brain 128, 
570–583 (2005).

68. Meng, Y. et al. Cost- effectiveness analysis of MR- 
guided focused ultrasound thalamotomy for tremor- 
dominant Parkinson’s disease. J. Neurosurg. https://
doi.org/10.3171/2020.5.JNS20692 (2020).

69. Stein, D. J. et al. Obsessive–compulsive disorder.  
Nat. Rev. Dis. Primers 5, 52 (2019).

70. Garnaat, S. L. et al. Who qualifies for deep brain 
stimulation for OCD? Data from a naturalistic clinical 
sample. J. Neuropsychiatry Clin. Neurosci. 26, 81–86 
(2014).

71. Pauls, D. L., Abramovitch, A., Rauch, S. L. & Geller, D. A. 
Obsessive–compulsive disorder: an integrative genetic 
and neurobiological perspective. Nat. Rev. Neurosci. 
15, 410–424 (2014).

naTure revIewS | NeUrology

R e v i e w s

  volume 17 | January 2021 | 19

https://doi.org/10.3171/2020.5.JNS20692
https://doi.org/10.3171/2020.5.JNS20692


72. Whiteside, S. P., Port, J. D. & Abramowitz, J. S.  
A meta- analysis of functional neuroimaging in 
obsessive–compulsive disorder. Psychiatry Res. 132, 
69–79 (2004).

73. Hamani, C. et al. Deep brain stimulation for 
obsessive–compulsive disorder. Neurosurgery 75, 
327–333 (2014).

74. Mallet, L. et al. Subthalamic nucleus stimulation in 
severe obsessive–compulsive disorder. N. Engl. J. Med. 
359, 2121–2134 (2008).

75. Denys, D. et al. Deep brain stimulation of the nucleus 
accumbens for treatment- refractory obsessive–
compulsive disorder. Arch. Gen. Psychiatry 67,  
1061–1068 (2010).

76. Rück, C. et al. Capsulotomy for obsessive–compulsive 
disorder: long- term follow- up of 25 patients. Arch. Gen. 
Psychiatry 65, 914–921 (2008).

77. Alonso, P. et al. Deep brain stimulation for obsessive–
compulsive disorder: a meta- analysis of treatment 
outcome and predictors of response. PLoS ONE 10, 
e0133591 (2015).

78. Jung, H. H. et al. Bilateral thermal capsulotomy with 
MR- guided focused ultrasound for patients  
with treatment- refractory obsessive–compulsive 
disorder: a proof- of-concept study. Mol. Psychiatry 
20, 1205–1211 (2015).  
The first use of MRgFUS thermoablation for 
bilateral anterior capsulotomy to treat a psychiatric 
disorder.

79. Kim, S. J. et al. A study of novel bilateral thermal 
capsulotomy with focused ultrasound for treatment- 
refractory obsessive–compulsive disorder: 2-year 
follow- up. J. Psychiatry Neurosci. 43, 170188 (2018).

80. Brown, L. T. et al. Dorsal anterior cingulotomy  
and anterior capsulotomy for severe, refractory 
obsessive–compulsive disorder: a systematic review  
of observational studies. J. Neurosurg. 124, 77–89 
(2016).

81. Davidson, B. et al. Magnetic resonance- guided focused 
ultrasound capsulotomy for refractory obsessive 
compulsive disorder and major depressive disorder: 
clinical and imaging results from two phase I trials. 
Mol. Psychiatry 25, 1946–1957 (2020).

82. Otte, C. et al. Major depressive disorder. Nat. Rev.  
Dis. Primers 2, 16065 (2016).

83. Kim, M., Kim, C.-H., Jung, H. H., Kim, S. J.  
& Chang, J. W. Treatment of major depressive disorder 
via magnetic resonance- guided focused ultrasound 
surgery. Biol. Psychiatry 83, e17–e18 (2018).

84. Treede, R.-D. et al. A classification of chronic pain for 
ICD-11. Pain 156, 1003–1007 (2015).

85. The Lancet Neurology. Novel ways to manage chronic 
pain are needed. Lancet Neurol. 17, 829 (2018).

86. Burchiel, K. J. & Raslan, A. M. Contemporary concepts 
of pain surgery. J. Neurosurg. 130, 1039–1049 (2019).

87. Martin, E., Jeanmonod, D., Morel, A., Zadicario, E.  
& Werner, B. High- intensity focused ultrasound for 
noninvasive functional neurosurgery. Ann. Neurol.  
66, 858–861 (2009).  
The first report of incisionless surgery using 
MRgFUS thermoablation in humans, undertaken  
in patients with chronic pain.

88. Clary, A., Tyler, W. J. & Wetmore, D. Z. Abstract #45: 
ultrasound neuromodulation for the treatment of 
peripheral nerve compression syndromes. Brain Stimul. 
12, e16 (2019).

89. Sweeney, M. D., Sagare, A. P. & Zlokovic, B. V.  
Blood–brain barrier breakdown in Alzheimer disease 
and other neurodegenerative disorders. Nat. Rev. 
Neurol. 14, 133–150 (2018).

90. Obermeier, B., Verma, A. & Ransohoff, R. M. The 
blood–brain barrier. Handb. Clin. Neurol. 133, 39–59 
(2016).

91. Galea, I., Bechmann, I. & Perry, V. H. What is immune 
privilege (not)? Trends Immunol. 28, 12–18 (2007).

92. van Tellingen, O. et al. Overcoming the blood–brain 
tumor barrier for effective glioblastoma treatment. 
Drug Resist. Updat. 19, 1–12 (2015).

93. Arvanitis, C. D., Ferraro, G. B. & Jain, R. K. The blood–
brain barrier and blood–tumour barrier in brain 
tumours and metastases. Nat. Rev. Cancer 20, 26–41 
(2020).

94. Garbuzova- Davis, S., Thomson, A., Kurien, C.,  
Shytle, R. D. & Sanberg, P. R. Potential new 
complication in drug therapy development for 
amyotrophic lateral sclerosis. Expert Rev. Neurother. 
16, 1397–1405 (2016).

95. Pardridge, W. M. The blood–brain barrier: bottleneck 
in brain drug development. NeuroRX 2, 3–14 (2005).

96. Jablonski, M. R. et al. Inhibiting drug efflux 
transporters improves efficacy of ALS therapeutics. 
Ann. Clin. Transl. Neurol. 1, 996–1005 (2014).

97. Meng, Y. et al. Safety and efficacy of focused 
ultrasound induced blood–brain barrier opening,  
an integrative review of animal and human studies.  
J. Control. Release 309, 25–36 (2019).

98. O’Reilly, M. A., Waspe, A. C., Chopra, R. & Hynynen, K. 
MRI- guided disruption of the blood–brain barrier 
using transcranial focused ultrasound in a rat model.  
J. Vis. Exp. 61, 3555 (2012).

99. Pelekanos, M. et al. Establishing sheep as an 
experimental species to validate ultrasound- mediated 
blood–brain barrier opening for potential therapeutic 
interventions. Theranostics 8, 2583–2602 (2018).

100. Kovacs, Z. I. et al. Disrupting the blood–brain barrier 
by focused ultrasound induces sterile inflammation. 
Proc. Natl Acad. Sci. USA 114, E75–E84 (2017).

101. Poon, C. T. et al. Time course of focused ultrasound 
effects on β- amyloid plaque pathology in the TgCRND8 
mouse model of Alzheimer’s disease. Sci. Rep. 8, 
14061 (2018).

102. Jordão, J. F. et al. Amyloid- β plaque reduction, 
endogenous antibody delivery and glial activation  
by brain- targeted, transcranial focused ultrasound. 
Exp. Neurol. 248, 16–29 (2013).

103. McMahon, D., Bendayan, R. & Hynynen, K. Acute 
effects of focused ultrasound- induced increases in 
blood–brain barrier permeability on rat microvascular 
transcriptome. Sci. Rep. 7, 45657 (2017).

104. McMahon, D. & Hynynen, K. Acute inflammatory 
response following increased blood–brain barrier 
permeability induced by focused ultrasound is 
dependent on microbubble dose. Theranostics 7, 
3989–4000 (2017).

105. Olumolade, O. O., Wang, S., Samiotaki, G. & 
Konofagou, E. E. Longitudinal motor and behavioral 
assessment of blood–brain barrier opening with 
transcranial focused ultrasound. Ultrasound Med. 
Biol. 42, 2270–2282 (2016).

106. Horodyckid, C. et al. Safe long- term repeated disruption 
of the blood–brain barrier using an implantable 
ultrasound device: a multiparametric study in a primate 
model. J. Neurosurg. 126, 1351–1361 (2017).

107. Kinoshita, M., McDannold, N., Jolesz, F. A.  
& Hynynen, K. Noninvasive localized delivery of 
Herceptin to the mouse brain by MRI- guided focused 
ultrasound- induced blood–brain barrier disruption. 
Proc. Natl Acad. Sci. USA 103, 11719–11723 (2006).

108. Wu, S.-K. et al. Characterization of different 
microbubbles in assisting focused ultrasound- induced 
blood–brain barrier opening. Sci. Rep. 7, 46689 
(2017).

109. McDannold, N., Vykhodtseva, N. & Hynynen, K. 
Effects of acoustic parameters and ultrasound contrast 
agent dose on focused- ultrasound induced blood–
brain barrier disruption. Ultrasound Med. Biol. 34, 
930–937 (2008).

110. Chen, H. & Konofagou, E. E. The size of blood–brain 
barrier opening induced by focused ultrasound is 
dictated by the acoustic pressure. J. Cereb. Blood Flow 
Metab. 34, 1197–1204 (2014).

111. Jordão, J. F. et al. Antibodies targeted to the brain 
with image- guided focused ultrasound reduces amyloid- 
beta plaque load in the TgCRND8 mouse model of 
Alzheimer’s disease. PLoS ONE 5, e10549 (2010).

112. Kobus, T., Zervantonakis, I. K., Zhang, Y. & 
McDannold, N. J. Growth inhibition in a brain 
metastasis model by antibody delivery using focused 
ultrasound- mediated blood–brain barrier disruption. 
J. Control. Release 238, 281–288 (2016).

113. Liu, H.-L. et al. Focused ultrasound enhances central 
nervous system delivery of bevacizumab for malignant 
glioma treatment. Radiology 281, 99–108 (2016).

114. Alecou, T., Giannakou, M. & Damianou, C. Amyloid β 
plaque reduction with antibodies crossing the blood–
brain barrier, which was opened in 3 sessions of 
focused ultrasound in a rabbit model. J. Ultrasound 
Med. 36, 2257–2270 (2017).

115. Alli, S. et al. Brainstem blood brain barrier disruption 
using focused ultrasound: a demonstration of feasibility 
and enhanced doxorubicin delivery. J. Control. Release 
281, 29–41 (2018).

116. Coluccia, D. et al. Enhancing glioblastoma treatment 
using cisplatin- gold-nanoparticle conjugates and 
targeted delivery with magnetic resonance- guided 
focused ultrasound. Nanomedicine 14, 1137–1148 
(2018).

117. Thévenot, E. et al. Targeted delivery of self- 
complementary adeno- associated virus serotype 9 to 
the brain, using magnetic resonance imaging- guided 
focused ultrasound. Hum. Gene Ther. 23, 1144–1155 
(2012).

118. Burgess, A. et al. Targeted delivery of neural stem cells 
to the brain using MRI- guided focused ultrasound to 

disrupt the blood–brain barrier. PLoS ONE 6, e27877 
(2011).

119. Alkins, R. et al. Focused ultrasound delivers targeted 
immune cells to metastatic brain tumors. Cancer Res. 
73, 1892–1899 (2013).

120. Alkins, R., Burgess, A., Kerbel, R., Wels, W. S.  
& Hynynen, K. Early treatment of HER2-amplified 
brain tumors with targeted NK-92 cells and focused 
ultrasound improves survival. Neuro Oncol. 18,  
974–981 (2016).

121. Noroozian, Z. et al. MRI- guided focused ultrasound for 
targeted delivery of rAAV to the brain. Methods Mol. 
Biol. 1950, 177–197 (2019).

122. Lipsman, N. et al. Blood–brain barrier opening in 
Alzheimer’s disease using MR- guided focused 
ultrasound. Nat. Commun. 9, 2336 (2018).  
The first report that transcranial FUS BBBO is safe 
in people with mild- to-moderate AD.

123. Pouliopoulos, A. N. et al. A clinical system for 
non-invasive blood–brain barrier opening using a 
neuronavigation- guided single- element focused 
ultrasound transducer. Ultrasound Med. Biol. 46, 
73–89 (2020).

124. Asquier, N. et al. Blood–brain barrier disruption in 
humans using an implantable ultrasound device: 
quantification with MR images and correlation with 
local acoustic pressure. J. Neurosurg. 132, 875–883 
(2019).

125. Beccaria, K. et al. Blood–brain barrier disruption with 
low- intensity pulsed ultrasound for the treatment of 
pediatric brain tumors: a review and perspectives. 
Neurosurg. Focus. 48, E10 (2020).

126. Alzheimer’s Association. 2017 Alzheimer’s disease 
facts and figures. Alzheimers Dement. 13, 325–373 
(2017).

127. Masters, C. L. et al. Alzheimer’s disease. Nat. Rev. Dis. 
Primers 1, 15056 (2015).

128. Greenberg, S. M. et al. Cerebral amyloid angiopathy 
and Alzheimer disease — one peptide, two pathways. 
Nat. Rev. Neurol. 16, 30–42 (2020).

129. Nisbet, R. M. et al. Combined effects of scanning 
ultrasound and a tau- specific single chain antibody  
in a tau transgenic mouse model. Brain 140,  
1220–1230 (2017).

130. Xhima, K. et al. Focused ultrasound delivery of a 
selective TrkA agonist rescues cholinergic function  
in a mouse model of Alzheimer’s disease. Sci. Adv. 6, 
eaax6646 (2020).

131. Burgess, A. et al. Alzheimer disease in a mouse model: 
MR imaging- guided focused ultrasound targeted to 
the hippocampus opens the blood–brain barrier and 
improves pathologic abnormalities and behavior. 
Radiology 273, 736–745 (2014).

132. Leinenga, G. & Götz, J. Scanning ultrasound removes 
amyloid- β and restores memory in an Alzheimer’s 
disease mouse model. Sci. Transl. Med. 7, 278ra33 
(2015).

133. Leinenga, G. & Götz, J. Safety and efficacy of scanning 
ultrasound treatment of aged APP23 mice. Front. 
Neurosci. 12, 55 (2018).

134. Scarcelli, T. et al. Stimulation of hippocampal 
neurogenesis by transcranial focused ultrasound and 
microbubbles in adult mice. Brain Stimul. 7, 304–307 
(2014).

135. Mooney, S. J. et al. Focused ultrasound- induced 
neurogenesis requires an increase in blood–brain 
barrier permeability. PLoS ONE 11, e0159892 (2016).

136. Nation, D. A. et al. Blood–brain barrier breakdown  
is an early biomarker of human cognitive dysfunction. 
Nat. Med. 25, 270–276 (2019).

137. Rezai, A. R. et al. Noninvasive hippocampal blood−
brain barrier opening in Alzheimer’s disease with 
focused ultrasound. Proc. Natl Acad. Sci. USA 117, 
9180–9182 (2020).

138. Panza, F., Lozupone, M., Logroscino, G.  
& Imbimbo, B. P. A critical appraisal of amyloid- 
β-targeting therapies for Alzheimer disease. Nat. Rev. 
Neurol. 15, 73–88 (2019).

139. Hardiman, O. et al. Amyotrophic lateral sclerosis.  
Nat. Rev. Dis. Primers 3, 17085 (2017).

140. Hobson, E. V. & McDermott, C. J. Supportive and 
symptomatic management of amyotrophic lateral 
sclerosis. Nat. Rev. Neurol. 12, 526–538 (2016).

141. Hetz, C. & Saxena, S. ER stress and the unfolded 
protein response in neurodegeneration. Nat. Rev. 
Neurol. 13, 477–491 (2017).

142. Lacomblez, L., Bensimon, G., Meininger, V.,  
Leigh, P. N. & Guillet, P. Dose- ranging study of riluzole in 
amyotrophic lateral sclerosis. Lancet 347, 1425–1431 
(1996).

143. Edaravone (MCI-186) ALS 19 Study Group. Safety  
and efficacy of edaravone in well defined patients with 

www.nature.com/nrneurol

R e v i e w s

20 | January 2021 | volume 17 



amyotrophic lateral sclerosis: a randomised, double- 
blind, placebo- controlled trial. Lancet Neurol. 16, 
505–512 (2017).

144. Geevasinga, N., Menon, P., Özdinler, P. H.,  
Kiernan, M. C. & Vucic, S. Pathophysiological and 
diagnostic implications of cortical dysfunction in ALS. 
Nat. Rev. Neurol. 12, 651–661 (2016).

145. Thomsen, G. M. et al. Delayed disease onset and 
extended survival in the SOD1G93A rat model of 
amyotrophic lateral sclerosis after suppression  
of mutant SOD1 in the motor cortex. J. Neurosci. 34, 
15587–15600 (2014).

146. Thomsen, G. M. et al. Transplantation of neural 
progenitor cells expressing glial cell line- derived 
neurotrophic factor into the motor cortex as a strategy 
to treat amyotrophic lateral sclerosis. Stem Cell 36, 
1122–1131 (2018).

147. Abrahao, A. et al. First- in-human trial of blood–brain 
barrier opening in amyotrophic lateral sclerosis using 
MR- guided focused ultrasound. Nat. Commun. 10, 
4373 (2019).  
The first study of transcranial FUS BBBO in 
eloquent cortex in people with ALS, showing that 
the procedure was safe and technically successful.

148. Axelsen, T. M. & Woldbye, D. P. D. Gene therapy for 
Parkinson’s disease, an update. J. Parkinsons Dis. 8, 
195–215 (2018).

149. Xhima, K., Nabbouh, F., Hynynen, K., Aubert, I.  
& Tandon, A. Noninvasive delivery of an α- synuclein 
gene silencing vector with magnetic resonance- guided 
focused ultrasound. Mov. Disord. 33, 1567–1579 
(2018).

150. Fan, C.-H. et al. Noninvasive, targeted, and non- viral 
ultrasound- mediated GDNF- plasmid delivery for 
treatment of Parkinson’s disease. Sci. Rep. 6, 19579 
(2016).

151. Fan, C.-H., Lin, C.-Y., Liu, H.-L. & Yeh, C.-K. Ultrasound 
targeted CNS gene delivery for Parkinson’s disease 
treatment. J. Control. Release 261, 246–262 
(2017).

152. Stupp, R. et al. Radiotherapy plus concomitant and 
adjuvant temozolomide for glioblastoma. N. Engl.  
J. Med. 352, 987–996 (2005).

153. Mainprize, T. et al. Blood–brain barrier opening in 
primary brain tumors with non- invasive MR- guided 
focused ultrasound: a clinical safety and feasibility 
study. Sci. Rep. 9, 321 (2019).

154. Idbaih, A. et al. Safety and feasibility of repeated and 
transient blood–brain barrier disruption by pulsed 
ultrasound in patients with recurrent glioblastoma. 
Clin. Cancer Res. 25, 3793–3801 (2019).  
This study indicated that the use of an implanted 
ultrasound device to deliver repeated BBBO  
during carboplatin administration for recurrent 
glioblastoma is safe and potentially enhances 
progression- free survival.

155. Razavi, S.-M. et al. Immune evasion strategies  
of glioblastoma. Front. Surg. 3, 11 (2016).

156. Chen, P.-Y. et al. Focused ultrasound- induced blood–
brain barrier opening to enhance interleukin-12 
delivery for brain tumor immunotherapy: a preclinical 
feasibility study. J. Transl. Med. 13, 93 (2015).

157. Sheybani, N. D., Witter, A. R., Stevens, A. D.,  
Bullock, T. N. & Price, R. J. Focused ultrasound 
ablation as an immunomodulatory strategy for 
metastatic breast cancer therapy. J. Immunol. 200, 
178.39 (2018).

158. Sperling, R. A. et al. Amyloid related imaging 
abnormalities (ARIA) in amyloid modifying therapeutic 
trials: recommendations from the Alzheimer’s 
Association Research Roundtable Workgroup. 
Alzheimers Dement. 7, 367–385 (2011).

159. Schneider, S., Potthast, S., Komminoth, P.,  
Schwegler, G. & Böhm, S. PD-1 checkpoint inhibitor 
associated autoimmune encephalitis. Case Rep. Oncol. 
10, 473–478 (2017).

160. Meng, Y. et al. Glymphatics visualization after focused 
ultrasound- induced blood–brain barrier opening in 
humans. Ann. Neurol. 86, 975–980 (2019).  
Localized and transient BBB opening using FUS 
allowed the first in vivo visualization of the 
glymphatic system in humans.

161. Engelhardt, B., Vajkoczy, P. & Weller, R. O. The movers 
and shapers in immune privilege of the CNS.  
Nat. Immunol. 18, 123–131 (2017).

162. Park, E.-J., Zhang, Y.-Z., Vykhodtseva, N. & 
McDannold, N. Ultrasound- mediated blood–brain/
blood- tumor barrier disruption improves outcomes 
with trastuzumab in a breast cancer brain metastasis 
model. J. Control. Release 163, 277–284 (2012).

163. Park, S. H. et al. Safety and feasibility of multiple 
blood–brain barrier disruptions for the treatment  

of glioblastoma in patients undergoing standard 
adjuvant chemotherapy. J. Neurosurg. https://doi.org/ 
10.3171/2019.10.JNS192206 (2020).

164. O’Reilly, M. A. et al. Preliminary investigation of 
focused ultrasound- facilitated drug delivery for the 
treatment of leptomeningeal metastases. Sci. Rep.  
8, 9013 (2018).

165. Blumberger, D. M. et al. Effectiveness of theta burst 
versus high- frequency repetitive transcranial magnetic 
stimulation in patients with depression (THREE- D):  
a randomised non- inferiority trial. Lancet 391,  
1683–1692 (2018).

166. Deisseroth, K. Optogenetics: 10 years of microbial 
opsins in neuroscience. Nat. Neurosci. 18,  
1213–1225 (2015).

167. Dallapiazza, R. F. et al. Noninvasive neuromodulation 
and thalamic mapping with low- intensity focused 
ultrasound. J. Neurosurg. 128, 875–884 (2018).

168. Folloni, D. et al. Manipulation of subcortical and deep 
cortical activity in the primate brain using transcranial 
focused ultrasound stimulation. Neuron 101,  
1109–1116.e5 (2019).

169. Nicodemus, N. E. et al. Focused transcranial 
ultrasound for treatment of neurodegenerative 
dementia. Alzheimers Dement. 5, 374–381 (2019).

170. Legon, W. et al. Transcranial focused ultrasound 
modulates the activity of primary somatosensory 
cortex in humans. Nat. Neurosci. 17, 322–329 
(2014).

171. Verhagen, L. et al. Offline impact of transcranial 
focused ultrasound on cortical activation in primates. 
eLife 8, e40541 (2019).  
Demonstration that the neuromodulatory effect  
of FUS extends beyond the immediate period of 
sonication, which increases the translational 
potential of this technology.

172. Khalighinejad, N. et al. A basal forebrain–cingulate 
circuit in macaques decides it is time to act. Neuron 
105, 370–384.e8 (2020).

173. Wattiez, N. et al. Transcranial ultrasonic stimulation 
modulates single- neuron discharge in macaques 
performing an antisaccade task. Brain Stimul. 10, 
1024–1031 (2017).

174. Younan, Y. et al. Influence of the pressure field 
distribution in transcranial ultrasonic neurostimulation. 
Med. Phys. 40, 082902 (2013).

175. Sato, T., Shapiro, M. G. & Tsao, D. Y. Ultrasonic 
neuromodulation causes widespread cortical activation 
via an indirect auditory mechanism. Neuron 98, 
1031–1041.e5 (2018).

176. Guo, H. et al. Ultrasound produces extensive brain 
activation via a cochlear pathway. Neuron 98,  
1020–1030.e4 (2018).

177. Constans, C., Mateo, P., Tanter, M. & Aubry, J.-F. 
Potential impact of thermal effects during ultrasonic 
neurostimulation: retrospective numerical estimation 
of temperature elevation in seven rodent setups.  
Phys. Med. Biol. 63, 025003 (2018).

178. Deffieux, T. et al. Low- intensity focused ultrasound 
modulates monkey visuomotor behavior. Curr. Biol. 
23, 2430–2433 (2013).

179. Yoon, K. et al. Effects of sonication parameters on 
transcranial focused ultrasound brain stimulation  
in an ovine model. PLoS ONE 14, e0224311 (2019).

180. Darrow, D. P., O’Brien, P., Richner, T. J., Netoff, T. I.  
& Ebbini, E. S. Reversible neuroinhibition by focused 
ultrasound is mediated by a thermal mechanism. 
Brain Stimul. 12, 1439–1447 (2019).

181. Oh, S.-J. et al. Ultrasonic neuromodulation via 
astrocytic TRPA1. Curr. Biol. 29, 3386–3401.e8 
(2019).

182. Chen, S.-G. et al. Transcranial focused ultrasound 
pulsation suppresses pentylenetetrazol induced 
epilepsy in vivo. Brain Stimul. 13, 35–46 (2020).

183. Cui, Z. et al. Enhanced neuronal activity in mouse 
motor cortex with microbubbles’ oscillations by 
transcranial focused ultrasound stimulation.  
Ultrason. Sonochem. 59, 104745 (2019).

184. Cho, H. et al. Localized down- regulation of 
P-glycoprotein by focused ultrasound and microbubbles 
induced blood–brain barrier disruption in rat brain. 
Sci. Rep. 6, 31201 (2016).

185. Meng, Y. et al. Resting state functional connectivity 
changes after MR- guided focused ultrasound mediated 
blood–brain barrier opening in patients with 
Alzheimer’s disease. Neuroimage 200, 275–280 
(2019).

186. Todd, N., Zhang, Y., Livingstone, M., Borsook, D.  
& McDannold, N. The neurovascular response is 
attenuated by focused ultrasound- mediated disruption 
of the blood–brain barrier. Neuroimage 201, 116010 
(2019).

187. Wang, Z., Yan, J., Wang, X., Yuan, Y. & Li, X. 
Transcranial ultrasound stimulation directly  
influences the cortical excitability of the motor cortex 
in Parkinsonian mice. Mov. Disord. 35, 693–698 
(2020).

188. Lee, W. et al. Transcranial focused ultrasound 
stimulation of human primary visual cortex. Sci. Rep. 
6, 34026 (2016).

189. Salminen-Vaparanta, N., Noreika, V., Revonsuo, A., 
Koivisto, M. & Vanni, S. Is selective primary visual 
cortex stimulation achievable with TMS? Hum. Brain 
Mapp. 33, 652–665 (2012).

190. Beisteiner, R. et al. Transcranial pulse stimulation with 
ultrasound in Alzheimer’s disease — a new navigated 
focal brain therapy. Adv. Sci. 7, 1902583 (2020).

191. Cotero, V. et al. Noninvasive sub- organ ultrasound 
stimulation for targeted neuromodulation.  
Nat. Commun. 10, 952 (2019).

192. Lea- Banks, H., O’Reilly, M. A., Hamani, C.  
& Hynynen, K. Localized anesthesia of a specific brain 
region using ultrasound- responsive barbiturate 
nanodroplets. Theranostics 10, 2849–2858 (2020).

193. Todd, N. et al. Modulation of brain function by targeted 
delivery of GABA through the disrupted blood–brain 
barrier. Neuroimage 189, 267–275 (2019).

194. Wu, X. et al. Sono- optogenetics facilitated by a 
circulation- delivered rechargeable light source for 
minimally invasive optogenetics. Proc. Natl Acad.  
Sci. USA 116, 26332–26342 (2019).

195. Wang, S. et al. Non- invasive, focused ultrasound- 
facilitated gene delivery for optogenetics. Sci. Rep.  
7, 39955 (2017).

196. Wang, J. B., Aryal, M., Zhong, Q., Vyas, D. B.  
& Airan, R. D. Noninvasive ultrasonic drug uncaging 
maps whole- brain functional networks. Neuron 100, 
728–738.e7 (2018).

197. Szablowski, J. O., Lee- Gosselin, A., Lue, B.,  
Malounda, D. & Shapiro, M. G. Acoustically targeted 
chemogenetics for the non- invasive control of neural 
circuits. Nat. Biomed. Eng. 2, 475–484 (2018).

198. Constans, C. et al. Non- invasive ultrasonic modulation 
of visual evoked response by GABA delivery through 
the blood brain barrier. J. Control. Release 318,  
223–231 (2020).

199. Frey, B. et al. Old and new facts about hyperthermia- 
induced modulations of the immune system.  
Int. J. Hyperth. 28, 528–542 (2012).

200. Cohen- Inbar, O., Xu, Z. & Sheehan, J. P. Focused 
ultrasound- aided immunomodulation in glioblastoma 
multiforme: a therapeutic concept. J. Ther. Ultrasound 
4, 2 (2016).

201. Man, J. et al. Hyperthermia sensitizes glioma stem- 
like cells to radiation by inhibiting AKT signaling. 
Cancer Res. 75, 1760–1769 (2015).

202. Zhu, L. et al. Ultrasound hyperthermia technology  
for radiosensitization. Ultrasound Med. Biol. 45, 
1025–1043 (2019).

203. Yoshida, M. et al. Sonodynamic therapy for malignant 
glioma using 220-kHz transcranial magnetic 
resonance imaging- guided focused ultrasound and 
5-aminolevulinic acid. Ultrasound Med. Biol. 45, 
526–538 (2019).

204. Ricci, S. et al. Sonothrombolysis for acute ischaemic 
stroke. Cochrane Database Syst. Rev. 10, CD008348 
(2012).

205. Alexandrov, A. V. et al. Safety and efficacy of 
sonothrombolysis for acute ischaemic stroke:  
a multicentre, double- blind, phase 3, randomised 
controlled trial. Lancet Neurol. 18, 338–347 (2019).  
The addition of an operator- independent 
ultrasound device to alteplase was safe but did  
not improve functional outcomes at 90 days after 
ischaemic stroke.

206. Alexandrov, A. V. et al. Endovascular equipoise shift in 
a phase III randomized clinical trial of sonothrombolysis 
for acute ischemic stroke. Ther. Adv. Neurol. Disord. 
12, 1756286419860652 (2019).

207. Gerhardson, T. et al. Histotripsy clot liquefaction  
in a porcine intracerebral hemorrhage model. 
Neurosurgery 86, 429–436 (2020).

208. Burgess, A. et al. High- intensity focused ultrasound 
(HIFU) for dissolution of clots in a rabbit model  
of embolic stroke. PLoS ONE 7, e42311 (2012).

209. Chang, W. S. et al. Factors associated with successful 
magnetic resonance- guided focused ultrasound 
treatment: efficiency of acoustic energy delivery 
through the skull. J. Neurosurg. 124, 411–416 
(2016).

210. D’Souza, M. et al. Impact of skull density ratio on 
efficacy and safety of magnetic resonance- guided 
focused ultrasound treatment of essential tremor.  
J. Neurosurg. 132, 1392–1397 (2019).

naTure revIewS | NeUrology

R e v i e w s

  volume 17 | January 2021 | 21

https://doi.org/10.3171/2019.10.JNS192206
https://doi.org/10.3171/2019.10.JNS192206


211. Schwartz, M. L. et al. Skull bone marrow injury  
caused by MR- guided focused ultrasound for cerebral 
functional procedures. J. Neurosurg. 130, 758–762 
(2019).

212. Hughes, A. & Hynynen, K. Design of patient- specific 
focused ultrasound arrays for non- invasive brain 
therapy with increased trans- skull transmission  
and steering range. Phys. Med. Biol. 62, L9–L19 
(2017).

213. Arvanitis, C. D., Vykhodtseva, N., Jolesz, F., 
Livingstone, M. & McDannold, N. Cavitation- enhanced 
nonthermal ablation in deep brain targets: feasibility 
in a large animal model. J. Neurosurg. 124,  
1450–1459 (2015).

214. Macklin, R. The ethical problems with sham surgery  
in clinical research. N. Engl. J. Med. 341, 992–996 
(1999).

215. Whone, A. et al. Randomized trial of intermittent 
intraputamenal glial cell line- derived neurotrophic 

factor in Parkinson’s disease. Brain 142, 512–525 
(2019).

216. Alonso, A. et al. Focal delivery of AAV2/1-transgenes 
into the rat brain by localized ultrasound- induced BBB 
opening. Mol. Ther. Nucleic Acids 2, e73 (2013).

Acknowledgements
We acknowledge Hang Yu Lin for her artistic contribution to 
the figures in this article. N. L. acknowledges and is grateful 
for the generous philanthropic gifts to the Sunnybrook 
Foundation, Sunnybrook Research Institute and the Harquail 
Centre for Neuromodulation as well as the support of the 
Focused Ultrasound Foundation.

Author contributions
Y.M. researched data for the article. Y.M. and N.L. wrote the 
article. All authors made substantial contributions to discus-
sions of the content and reviewed and/or edited the  
manuscript before submission.

Competing interests
K.H. is an inventor on intellectual property owned by Brigham 
and Women’s Hospital in Boston, MA, USA, and Sunnybrook 
Research Institute in Toronto, Canada, related to intracranial 
focused ultrasound technology. N.L. has received an honorar-
ium from the Focused Ultrasound Foundation, a not- for- profit 
funding agency, for serving on an expert steering committee 
on focused ultrasound in Alzheimer disease. Y.M. declares no 
competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

Supplementary information
Supplementary information is available for this paper at 
https://doi.org/10.1038/s41582-020-00418- z.
 
© Springer Nature Limited 2020

www.nature.com/nrneurol

R e v i e w s

22 | January 2021 | volume 17 

https://doi.org/10.1038/s41582-020-00418-z

	Applications of focused ultrasound in the brain: from thermoablation to drug delivery
	Historical and mechanistic perspective
	Thermoablation
	Essential tremor
	Parkinson disease
	OCD and major depression
	Chronic pain

	Blood–brain barrier opening
	FUS BBB disruption and other current BBB technologies
	Neurodegenerative diseases
	Alzheimer disease
	Amyotrophic lateral sclerosis
	Parkinson disease

	Neuro-oncology

	Other mechanisms and applications
	Neuromodulation
	Emerging approaches

	Challenges and future directions
	Conclusions
	Acknowledgements
	Fig. 1 The FUS literature.
	Fig. 2 Current therapeutic ultrasound devices for brain applications.
	Fig. 3 Biological effects of FUS.
	Fig. 4 Intracranial applications of FUS in humans.
	Fig. 5 The global landscape of human focused ultrasound clinical trials.




