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Abstract: MRI guided focused ultrasound is an emerging technique that uses acoustic energy to noninvasively
treat intracranial disorders. At high frequencies, it can be used to raise tissue temperatures and ablate discrete brain
targets with sub-millimeter accuracy. This application is currently under investigation for a broad range of clinical
applications, including brain tumors, movement disorders, and psychiatric conditions. At low frequencies MRI
guided focused ultrasound can be used to modulate neuronal activity and in conjunction with injected
microbubbles, can open the blood-brain barrier to enhance the delivery of therapeutic compounds. The last
decade has seen dramatic advances in the science of MRI guided focused ultrasound, helping elucidate both its
mechanisms and potential in pre-clinical models, and its translational promise across myriad clinical applications.
This review provides an update of current and emerging MRI guided focused ultrasound applications for
intracranial disorders and describes future directions and challenges for the field.
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Background
The ability to focus acoustic energy through the intact
skull on discrete brain targets has been a goal of ultra-
sound research for decades. Early efforts at therapeutic
ultrasound in the brain, pioneered by the Fry brothers in
the early 1950’s, though successful, required removal of
the overlying skull due to the bone’s absorption and re-
flection of a large portion of ultrasound energy [1]. In
the late 1990s, completely noninvasive treatment was re-
alized with the development of a helmet device lined
with multiple independent transducers, and the coupling
of FUS to real-time magnetic resonance (MR) image
guidance [2]. The MR guided FUS (MRgFUS) design
allowed computer calculated and controlled steering of
each element to achieve accurate targeting. The device is
further coupled with thermography to allow real-time
feedback on the effect of sonications. In one commercially
available design, a spherical helmet device harnesses
acoustic energy from over 1000 individual transducer ele-
ments operating between 650 and 720 kHz. Currently, the
patient’s head must be stabilized in a stereotactic frame

and their hair must be shaved to allow good coupling be-
tween the transducers and scalp. Other devices may use
fewer transducers, as well as the possibility to implant the
system in the skull for ongoing ultrasound application [3].
Over the last decade the potential applications of

MRgFUS in neurosurgery have significantly expanded.
MRgFUS was recently approved by the US Food and Drug
Administration (FDA) to perform thalamotomy for pa-
tients with medically refractory essential tremor (ET), and
is currently under investigation for treatment of brain tu-
mors, as well as treatment resistant psychiatric condi-
tions (Fig. 1) [4]. Moreover, a recent cost-effective analysis
suggested that MRgFUS may be cost-effective compared
to other neuromodulation modalities, such as deep brain
stimulation or stereotactic radiosurgery for the treatment
of ET [5]. Currently, there are more than 25 focused ultra-
sound clinical trials publically registered for patients with
neurological disorders ranging from neuro-oncology,
Parkinson’s disease, Alzheimer’s disease, obsessive-
compulsive disorder, and epilepsy (Table 1). This review
provides an update of MRgFUS research in the preclinical
and clinical realm within the last decade, and describes
the challenges ahead and future directions for the field.* Correspondence: ying.meng@medportal.ca

1Division of Neurosurgery, Department of Surgery, Sunnybrook Health
Sciences Centre, University of Toronto, 2075 Bayview Avenue, Toronto, ON,
Canada
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Meng et al. Journal of Therapeutic Ultrasound  (2017) 5:26 
DOI 10.1186/s40349-017-0105-z

http://crossmark.crossref.org/dialog/?doi=10.1186/s40349-017-0105-z&domain=pdf
http://orcid.org/0000-0003-3180-2404
mailto:ying.meng@medportal.ca
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Movement disorders
The application of MRgFUS to movement disorders
has been among the most promising to date. Targets
for movement disorder symptoms, such as tremor, are
near the geographic center of the skull in key motor
relay nuclei, making these amenable to heating with

minimal heating of the overlying skull. In addition,
the ability to monitor patient symptoms in real-time,
and evaluate the impact of a lesion on tremor, pro-
vides a powerful behavioral assay on which to base
treatment decisions. To date, essential tremor (ET)
and Parkinson’s Disease (PD) have been the primary

Table 1 List of clinical trials investigating neurological applications of MRgFUS by disorder

Indication Stage Description

ET Phase II NCT02289560 – multi-centered, single arm study to look at efficacy for ET
NCT01827904 - prospective, randomized, double blind, crossover, multi-centered,
two arm study to test efficacy and further demonstrate safety

PD Phase I NCT02347254, NCT01772693, NCT02263885, NCT02246374, NCT02252380 - phase I
trial to study unilateral Vim nucleus/subthalamic nucleus/globus pallidus sonication for PD

Brain tumor – ablation Phase I NCT00147056, NCT02343991, NCT01473485 – phase I trial for tumor ablation, ongoing
NCT01698437 – phase I trial for tumor ablation, completed, University Children’s Hospital
in Zurich

Brain tumor – BBB disruption Phase I NCT02343991 – phase I trial to study BBB opening for delivery of doxorubicin

Depression/anxiety Phase I NCT02348411 – phase I trial to study safety and initial effectiveness of MRgFUS bilateral
anterior capsulotomy in medication-refractory MDD
NCT02685488 – phase I trial of right frontotemporal area sonication for mild to moderate
depression

OCD Phase I NCT01986296 - phase I trial of anterior cingulate cortex, anterior limb of internal capsule,
ventral striatum or subgenual cingulate cortex sonication
NCT03156335 - phase I trial to evaluate the safety and efficacy of MRgFUS for patients with
treatment-refractory OCD

Pain syndromes Phase I NCT01699477 - phase I trial of thalamic sonication for neuropathic pain, pediatric,
University Children’s Hospital in Zurich
Central lateral thalamic nucleus sonication (Neurosurgery Focus 2012)
NCT03111277 - phase I trial for MRgFUS thalamotomy of central lateral thalamic nucleus

Epilepsy – ablation Phase I NCT02804230 – phase I trial, ablation of subcortical focal epileptic targets

Epilepsy - neuromodulation Phase I NCT02151175 – phase I trial, stimulation or suppression of neuronal activity in temporal lobe

AD Phase I NCT02986932 – phase I trial of ultrasound mediated BBB opening for AD

Thrombolysis/ICH Preclinical Swine and human cadaveric models demonstrated feasibility of ICH liquefaction.
Rabbit carotid occlusion model demonstrated feasibility of this model for vascular recanalization

CSF diversion Preclinical Proof-of principle study of MRgFUS third ventriculostomy

Neuromodulation Phase I Vagus nerve modulation can stimulate or dampen neuronal activity

ET essential tremor, PD Parkinson’s disease, BBB blood-brain barrier, MDD major depressive disorder, OCD obsessive compulsive disorder, AD Alzheimer’s disease,
CSF cerebrospinal fluid, FUS focused ultrasound, ICH intracerebral hemorrhage, NCT national clinical trial (number)

Fig. 1 Schematic of intracranial regions targeted by MRgFUS in published human studies on an axial T1 and T2 weighted 3 Tesla MR
images. OCD = obsessive compulsive disorder; MDD = major depressive disorder; PD = Parkinson’s disease; ET = essential tremor;
NP = neuropathic pain
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applications, owing in large part to the large experience
with these conditions in the ablative neurosurgical
literature.

Essential tremor
Approximately 4% of people over 40 years of age are af-
fected by essential tremor, which is marked by postural
and intention tremors of about 4–7 Hz [6]. In some pa-
tients, these tremors can be severe enough to affect daily
activities such as eating, drinking, and writing. 15–25%
of patients are forced to retire prematurely as a result of
ET, and 60% of patients do not apply for jobs or promo-
tions due to uncontrollable shaking [7]. First-line ther-
apy for ET is medical, typically with propranolol and
primidone. However, one third of the patients will find
the side effects of these medications intolerable or have
refractory symptoms. Alternative treatments for ET in-
cludes surgical targeting of the ventral intermediate nu-
cleus (Vim) of the thalamus. The Vim is part a circuit
that connects the cerebellum with cortical motor path-
ways important for tremor. While deep brain stimulation
electrodes are implanted bilaterally [8], the target
contralateral to the more disabled side is treated in ra-
diofrequency (RF) ablation to minimize severe neuro-
logical complications [9]. These two modalities are the
most well-established interventions in the treatment of
ET. While they are effective, both involve cranial access,
which carries a risk of infection and hemorrhage. The
rates of infection, seizures, and intracranial hemorrhage
after DBS, which may be taken as correlates to brain pene-
tration, are 1.7%, 1.5% and 3.9% respectively [10]. Device-
related issues such as hardware breakage, mal-placement
or migration, and battery depletion make life-long main-
tenance necessary for DBS. Gamma knife radiosurgery is
another ablative technique. Despite being noninvasive, ra-
diosurgery is less favorable because the results are variable
and delayed often requiring weeks to months to become
noticeable.
Two pilot studies of focused ultrasound Vim ablation

were published in 2013 demonstrating promising clinical
results after MRgFUS thalamotomy [11, 12]. In one
study of fifteen patients, the Clinical Rating Scale for
Tremor (CRST) score improved by 74% at 12 months
(p = 0.001) and disability score by 85% at 12 months
(p = 0.001) [11]. A subsequent multicenter randomized
sham control trial in 76 patients with ET showed that
MRgFUS treatment was superior to placebo with 47%
improvement in hand-tremor score at 3 months and
62% reduction in disability score [4]. More recently,
Zaaroor et al. reported their experience with MRgFUS
thalamotomy in thirty patients with tremor across a
wide-range of disorders (18 with ET, 9 with PD and 3
with ET-PD) [13]. At six-month follow-up, patients with
ET had a significant decrease of CRST score from 40.7

to 8.2; patient with PD or ET-PD had a significant de-
crease in motor component of PDQ-39 from 38.6 to
20.6. Quality of Life in Essential Tremor (QUEST) score
similarly improved. Common adverse events following
MRgFUS thalamotomy include paresthesia, taste distur-
bances, headaches, and reported sense of imbalance.
While pin site discomfort from the stereotactic frame is
common, no infection has been reported so far. More ser-
ious complications such as ataxia are approximately 1.6%
[5]. Zaaroor et al. reported that all neurological complica-
tions improved by three months after treatment [13].

Parkinson’s disease
Parkinson’s disease (PD) is the second most common
neurodegenerative disorder, with a prevalence of ap-
proximately 50 per 100,000 people at 65 years of age
[14]. PD is characterized by motor symptoms such as
tremor, bradykinesia, and rigidity, with tremor present in
50% of patients at the time of diagnosis [15]. Motor
symptoms are caused by the progressive death of dopa-
minergic neurons in the substantia nigra pars compacta
(SN) [16], and although a wide range of medications are
used to manage PD, dopamine replacement is the main-
stay of treatment. For patients who become refractory to
medical treatment neurosurgical intervention may be ap-
propriate, targeting critical motor nuclei that are patho-
physiologically linked to the core motor symptoms of
PD. Currently, the most widely practiced surgical treat-
ment is DBS of subcortical motor structures, the globus
pallidus internus (GPi) and subthalamic nucleus (STN)
[10, 17]. While DBS is the gold-standard surgical ap-
proach to refractory PD that is still responsive to levo-
dopa, the operation may not be suitable for every
patient, nor every symptom. For example, older patients
are often excluded from DBS, and the procedure may
not be suitable for those who cannot undergo general
anesthesia, or who suffer from levodopa induced dyskin-
esia. Accordingly, there is growing interest and experi-
ence in MRgFUS for PD, as an alternative to DBS and
other open ablative procedures, such as RF pallidotomy
[15]. Various targets have been proposed for MRgFUS
ablation to treat tremor-dominant PD in early clinical
studies, including the pallidothalamic tract [18], Vim
thalamus, [13, 19, 20], and GPi [21]. The optimal target
in PD is unclear, and will depend on the symptomology
of the patient. Recent studies in PD patients treated with
MRgFUS, report clinical significant improvement in
motor symptoms after treatment ranging from 61% re-
duction in Unified PD Rating Scale (UPDRS) motor
score at 3 months for pallidothalamic tractomy [18] to
46.2% at 6 months for Vim thalamotomy [13]. However,
different methodologies and outcome measures make
direct comparison difficult (For detailed discussion see
Schlesinger et al. [15]). Future studies will need to
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compare outcomes after MRgFUS ablation compared to
placebo or current surgical treatment options for tremor-
dominant PD.
The potential of low intensity ultrasound in conjunc-

tion with microbubbles to safely and transiently open
the blood brain barrier (BBB) has also attracted consid-
erable interest by PD researchers. The BBB is the brain’s
primary defense against large (> 400 Da) and hydrophilic
molecules. Small molecules and certain drugs can pass
through the BBB through diffusion or receptor mediated
cellular transport [22]. However, the BBB has hampered
therapeutic development for various neurological disor-
ders such as PD and Alzheimer’s disease (AD) [23].
Multiple animal studies have shown that ultrasound

mediated BBB disruption is temporary, reversible within
hours, and safe to surrounding tissue at appropriately se-
lected ultrasound parameters [24]. Interactions between
ultrasound and pockets of gas or injected microbubbles
lead to inertial cavitation, oscillations of the microbub-
bles, resulting in mechanical force on tight junctions
and endothelial cells [25]. The extent of the BBB open-
ing depends on the microbubbles (e.g. size, conjugates)
as well as ultrasound parameters (e.g. intensity, sonic-
ation time) [26]. Preclinical studies ranging from mouse
to nonhuman primates have demonstrated the safe de-
livery of macromolecules [27], viruses [28], and sub-
stances as large as cells [29, 30].
Randomized control trials of direct intraparenchymal

inoculation of neurotrophic agents, such as glial cell-
derived neurotrophic factor (GDNF), or embryonic
dopamine neurons in degenerating dopaminergic path-
ways have largely failed to date [31–33]. One possible ex-
planation could be inadequate delivery of therapeutic
compounds across the blood brain barrier [34]. A growing
preclinical MRgFUS literature has demonstrated increased
intraparenchymal concentration of growth factors, stem
cells, and gene therapy after BBB opening [30, 35–37]. In
one study, done in a 6-OHDA model of PD, MRgFUS de-
livery of GDNF resulted in significantly higher levels of
dopamine and less abnormal apomorphine-induced rota-
tional behavior than after direct intraparenchymal infusion
of GDNF [35].

Pain
Neuropathic pain (NP) is complex, multifactorial, and dif-
ficult to treat. NP can originate from a dysfunction in the
nervous system due to disease, injury, or iatrogenic causes.
Prevalence of chronic pain with neuropathic features in
the general population may be as high as 8% [38]. Primary
management includes tricyclic antidepressants (TCAs),
selective serotonin-norepinephrine reuptake inhibitors
(SSRIs), anti-epileptic medications, and opioids, which
may result in intolerable side effects and tolerance over
time [39]. Various surgical strategies have been developed

to treat chronic pain, including cordotomy, sympathec-
tomy, myelotomy, dorsal root entry zone lesions, mesen-
cephalotomy, and cingulotomy, depending largely on the
nature of the pain, it’s location, and previous treatment
attempts [40]. Ablative procedures in the thalamus have
also been performed for several decades [41], and now
MRgFUS offers a less invasive alternative. In one study,
central lateral thalamotomy using MRgFUS in 12 patients
suffering from chronic medically-refractory NP reported
mean pain relief of 57% at 12 months [42]. Further clinical
trials are underway to investigate the effects of MRgFUS
thalamotomy for neuropathic pain (NCT01699477).

Obsessive-compulsive disorder
Obsessive-compulsive disorder (OCD) is among the
most challenging and debilitating anxiety disorders, with
an estimated lifetime prevalence of 1.6% [43]. OCD is
marked by unwanted intrusive, recurrent, and persistent
thoughts, images, or urges that are often accompanied
by time-consuming and repetitive behaviors. OCD has
been linked to various neurochemical and neuroanatom-
ical pathways, including hypersensitivity of post-synaptic
serotonin receptors, and mutations in serotonin trans-
porter and receptor genes [44–47]. Accordingly, first-
line treatment has typically focused on brain chemistry,
using selective serotonin reuptake inhibitors or tricyclic
antidepressants such as clomipramine, paired with psy-
chotherapeutic interventions, such as exposure and cog-
nitive behavioral therapy [48]. However, despite optimal
care, up to 30 to 40% of patients remain significantly
disabled [49, 50]. Recent imaging, preclinical, neuro-
psychological, and treatment studies have increasingly
supported the view that OCD is a disorder of neural cir-
cuitry [51]. For treatment resistant patients, therefore,
surgical approaches which target specific brain regions
and circuitry, may be an emerging option.
The anterior limb of the internal capsule (ALIC) has

been closely associated with the surgical management of
refractory OCD [52]. The ALIC contains a rich network
of fibers that connect both the prefrontal cortex and an-
terior cingulate cortex with the hippocampus, amygdala,
and thalamus [53–55]. Disruption of these tracts is be-
lieved to be important in treating refractory OCD, by
disrupting limbic cortico-thalamic fibers affecting de-
pression and anxiety and influencing circuits critical for
emotion and affective processing [53–57]. A meta-
analysis of DBS and open label prospective anterior capsu-
lotomy studies in patients with refractory OCD found a
51% reduction on the Yale-Brown Obsessive Compulsive
Scale (Y-BOCS) after ablation (radiofrequency and
gamma-knife radiosurgery) compared to 40% after DBS
[58]. Furthermore, individuals who underwent the ablative
therapy were 9% more likely to go into remission than
DBS. A recent systematic review of eight observational
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studies with a total of 112 patients after AC showed a
mean reduction of 55% on the Y-BOCS at 12 months, su-
perior to results from meta-analysis of outcomes after dor-
sal anterior cingulotomy [59].
Non-invasive approaches to capsulotomy include

gamma knife radiosurgery (GKRS) and MRgFUS. GKRS
uses ionizing radiation for incision-less ablation, but re-
sults have a latency period of weeks to months [60].
Additional concerns about exposure to ionizing radi-
ation include risk of neoplasm and injuries to off target
structures [61]. The effect of MRgFUS is immediate, per-
mitting real-time monitoring of the lesion and the
temperature required to achieve it. Jung et al. reported
the proof-of-concept study of bilateral thermal capsulot-
omy using MRgFUS in four patients with medically re-
fractory OCD [62]. Gradual improvements in Y-BOCS
score were noted over 6 months, with an ultimate mean
improvement of 33%. These patients also had comorbid
major depressive disorder. Over the same period, pa-
tients experienced sustained reductions in symptoms of
depression (mean 61.1%) and anxiety (mean 69.4%). No
adverse effects or significant differences in neuropsycho-
logical test scores were noted. This result is promising,
but durability of the outcome, cumulative safety profile,
and its value over placebo or traditional nonablative
methods (e.g. DBS) and ablative methods (e.g. GKRS)
will require further investigations.
The development of MRgFUS ablation as a therapy for

other psychiatric illnesses are also underway. The first
MRgFUS procedure for treatment-resistant major de-
pressive disorder (MDD) showed initial safety and im-
provement in the Hamilton Depression Rating Scale
score from 26 pre-procedure to 7 at 12 months, Beck
Depression Inventory score from 26 to 12 at 12 months
[63]. The lesion target for treatment-resistant MDD is
also ALIC. This single case report demonstrated marked
clinical improvement. Two clinical trials (NCT02348411,
NCT02685488) are currently underway to further define
the role of ultrasound in depression.

Brain tumors
The most common brain tumors, metastatic and glioblast-
oma multiforme (GBM), have prognoses of 3 [64] and
4 months survival, respectively, if left untreated [65]. In-
deed, despite advances in genetics and concerted multidis-
ciplinary efforts in developing new therapeutics, the gains
in patient survival have been modest. With modern treat-
ment, the median overall survival of patients with GBM is
only 14.6 months [66]. Tumors in eloquent or deep brain
regions are poor candidates for surgical resection and,
though traditionally treated with radiotherapy, may
benefit from alternative modalities now under investi-
gation, including proton beam radiation and laser

interstitial thermal therapy (LITT) [67]. MRgFUS may
represent an additional option.

Ablation
Focused ultrasound thermoablation of bone metastases,
prostate cancer, and uterine fibroids are approved by the
FDA [34, 68, 69]. At temperatures above approximately
55 °C, tumor tissue shows homogenous coagulative ne-
crosis leading to irreversible cell death [70]. Early clinical
studies of MRgFUS thermoablation for brain tumors
have predominantly focused on high-grade gliomas.
McDannold et al. published the first experience with
sonication of high-grade glioma through the intact skull
[71]. While the procedure proceeded without any com-
plications seen in previous studies (e.g. thermal injury in
the pre-tumor area), coagulative necrosis was not
achieved due to insufficient power. As such, the adjust-
ments including doubling the number of transducer ele-
ments, decreasing the frequency from 650 kHz to
230 kHz and increasing the power capabilities were
made to the system. Unfortunately, the fourth patient suf-
fered a post procedure intracranial hemorrhage, which
was linked to possible underlying coagulopathy and iner-
tial cavitation. This complication highlighted the chal-
lenges of ablating a large volume and vascular neoplastic
tissue as well as greater attention to patients or patholo-
gies with increased risk of hemorrhage. Currently phase I
trials (NCT01698437, NCT00147056, NCT01473485) are
underway with results pending.
Targets located close to the skull are difficult to ther-

moablate without unacceptable rise in temperature in
bone, scalp, or neighboring neurovascular structures. Re-
cently, two proof of concept animal studies of non-
thermal ablation of skull base lesions were reported.
McDannold et al. demonstrated that low-duty cycle son-
ication at 525 kHz with intravenously injected micro-
bubbles can produce lesions at the skull base close to
the optical nerve in rats [72]. Sonicated microbubbles
undergo inertial cavitation, leading to vascular injuries
and ischemic necrosis in the target. Evidence from hist-
ology and evoked potential data supports preservation of
the optic nerve. This study was replicated in nonhuman
primates using MRgFUS operating at 220 kHz, low duty
cycles and intravenous Definity® microbubble contrast
[73]. However, off-target effects included unintentional
BBB opening, particularly in the pre-tumor area. Further
safety studies are necessary to examine the tradeoff to
this approach, a greater risk of inertial cavitation along
the acoustic path [74].

Blood brain barrier disruption for chemotherapy delivery
While tumor cells can break down the blood barrier,
they also infiltrate into surrounding tissue resulting in
angiogenesis and blood vessels with an intact BBB [75].
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A majority of chemotherapies have limited bioavailability
in the brain and tumor tissue. Additionally, while tar-
geted therapies for specific cancers (e.g. trastuzumab for
HER2 positive breast cancer and vemurafenib, BRAF
kinase inhibitor, for melanoma) have dramatically chan-
ged the prognosis of patients without intracranial metas-
tasis, these drugs poorly penetrate the BBB [76, 77]. As a
result, several attempts have been made to couple
chemotherapy with transient opening of the BBB. For
example, simultaneous intra-arterial administration of
mannitol and carboplatin or bevacizumab infusion has
been examined in early clinical trials to treat high grade
gliomas [78]. In addition to mixed and modest out-
comes, patients were exposed to potential complications
from the endovascular procedure and neurotoxicity from
nonspecific brain uptake of the chemotherapy. MRgFUS
offers a less invasive approach to open the BBB transi-
ently with enhanced spatial and temporal specificity.
An early animal study demonstrated successful and

safe delivery of trastuzumab in mouse [27]. In another
study, ultrasound mediated BBB opening plus temozolo-
mide (TMZ) administration compared to TMZ alone in
rats with implanted 9 L glioma cells reduced 7-day
tumor progression and extended median survival from
20 to 23 days [79]. CSF-to-plasma ratio of TMZ level
was increased by 1.7 times. In another study, eight treat-
ments of ultrasound delivered NK-95 cells in mice
injected with human HER2-expressing breast tumor re-
sulted in an increase in overall survival from approxi-
mately 50 to 150 days [29]. As the result of compelling
preclinical data, a pilot trial is underway to investigate
safety and feasibility of ultrasound mediated BBB disrup-
tion for patients with high-grade gliomas to deliver
TMZ (NCT02343991).

Alzheimer’s disease
Alzheimer’s disease (AD) is the most common neurode-
generative disease, affecting more than five million
people in the United States, and increasing. The patho-
logic hallmarks of AD consist of beta-amyloid plaques
and neurofibrillary tangles resulting in synaptic dysfunc-
tion and neurodegeneration. Current FDA approved
medications, anti-cholinesterase inhibitors and NMDA
receptor antagonist, have only modest clinical benefit.
Alternatively, biologic agents, such as bapineuzumab
and solanezumab, aim to improve clearance of Aβ pla-
ques and oligomers [80]. While they have proven to be
effective both histologically and behaviorally in animal
models and early clinical trials, there has yet to be an
immunotherapy proven to be clinically effective in phase
3 clinical trials [81, 82].
As with PD and Brain tumors, the BBB is a major obs-

tacle to the effective delivery of potential therapeutic
compounds to AD brains, and MRgFUS has been

explored as a possible means to overcome it. In a trans-
genic mouse model of AD, treated with ultrasound deliv-
ered, anti-BAM, an antibody against Ab plaque, to a
single hemisphere results in a reduction of plaque num-
ber and surface area by more than 20% compared to the
contralateral hemisphere after four days [83]. After treat-
ment, transgenic animals performed as well as wild-type
animals on the Y maze task, suggesting a rescue of
spatial memory deficits. Surprisingly, BBB opening alone
also led to a significant plaque reduction. Increased en-
dogenous IgG and IgM antibodies bound to beta amyl-
oid plaques and glial activation after BBB opening
suggests that the influx of endogenous antibodies can
lead to activation of the innate immune system against
the pathologic plaques. Moreover, an increased hippo-
campal neurogenesis was found after sonication, which
may also contribute to the memory rescue.
Reductions in plaque number and surface area after

ultrasound mediated BBB opening alone were replicated
by another research group in APP23 transgenic mouse
line [84], along with behavioral improvement as well as a
five-fold reduction of Aβ monomer and two-fold reduc-
tion of Aβ trimer, which may have an even greater role
in AD pathogenesis. More recently, the same group
demonstrated ultrasound delivered RN2N, an antibody
to tau, reduced phosphorylated tau levels in a transgenic
TauP301L mouse [85]. The presence of neurofibrillary
tangles and hyper-phosphorylated tau are closely corre-
lated with the progression of cognitive deficits in pa-
tients with AD. An ongoing phase I trial will study the
feasibility and safety of BBB opening in patients with
mild Alzheimer’s disease (NCT02986932).

Conclusion and future directions
MRI guided focused ultrasound can be used at high and
low intensities for neuroablation, opening the BBB and
potentially neuromodulation. We reviewed the clinical
applications of neuroablation and BBB opening that are
established or currently under investigation in human
studies. Although promising, several challenges exist for
brain applications of MRgFUS. For example, targets close
to the skull are challenging to treat with high frequencies,
given the bone heating that results from the large amount
0of energy necessary to achieve coagulative necrosis.
Non-thermal ablation may circumvent this problem
[72], although the experience is preliminary and can
be associated with unintended off-target changes (e.g.
BBB opening) [6].
Further, the relative efficacy of MRgFUS ablation for

tremor, and other indications such as OCD, compared
to traditional open surgical approaches will need to
await longer follow-up and larger clinical experiences.
Current treatment times require several hours in the
MRI machine, and improvements in sonication protocol
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and workflow are needed to decrease treatment time
and enhance tolerability. Similarly, technologic advances
eliminating the need for complete head shave and the
use of a stereotactic frame, will contribute to making the
procedure more tolerable for patients.
Basic scientists will continue to study how ultrasound

interacts with tissue. Questions exist as to the chronic
changes to the neurovascular unit after BBB opening
and how they will affect repeat treatments. A recent
study reported that ultrasound mediated BBB opening
leads to a sterile inflammatory reaction [86]. Although
inflammation is expected after mechanical opening of
the BBB and may in fact contribute to clearance of beta
amyloid plaques, further studies are needed to quantify
the cellular and molecular genetics changes from BBB
opening at minimal energy settings. On the clinical
front, researchers are exploring the potential of combin-
ing MRgFUS mediated BBB opening with drugs or bio-
logic agents. In doing so, FUS could be a valuable tool in
treating a wide range of neurological conditions, such as
neurodegenerative diseases and demyelinating diseases,
but phase I studies will need to first establish the safety
and feasibility of BBB opening in these populations. As
research teams are poised to translate existing animal
data to human studies in the next decade, there remains
promise that intracranial MRgFUS can have an increas-
ingly important role in the management of the most
challenging brain conditions.
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thalamus; Y-BOCS: Yale-Brown Obsessive Compulsive Scale

Acknowledgements
None.

Available data and materials
Not applicable.

Funding
No funding was used for the creation of this manuscript.

Authors’ contributions
MLS, NL, and YM conceived of the idea for this manuscript. All authors
contributed to writing of the manuscript. YM, KM, and BS helped format the
table and figure. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Dr. Lipsman has served as a paid consultant on expert steering committees
for Focused Ultrasound Foundation, which is a non-profit organization that
promotes the use of image-guided focused ultrasound. YM, SS, KM, BS, and
MLS have no conflicts of interest or financial disclosures.

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

Author details
1Division of Neurosurgery, Department of Surgery, Sunnybrook Health
Sciences Centre, University of Toronto, 2075 Bayview Avenue, Toronto, ON,
Canada. 2Physical Sciences Platform, Sunnybrook Research Institute, Toronto,
ON, Canada.

Received: 26 July 2017 Accepted: 28 September 2017

References
1. Fry WJ. Ultrasound in neurology. Neurology. 1956;6:693–704.
2. Hynynen K, Jolesz FA. Demonstration of potential noninvasive ultrasound

brain therapy through an intact skull. Ultrasound Med Biol. 1998;24:275–83.
3. Carpentier A, Canney M, Vignot A, Reina V, Beccaria K, Horodyckid C, et al.

Clinical trial of blood-brain barrier disruption by pulsed ultrasound. Sci
Transl Med. 2016;8:343re2.

4. Elias WJ, Lipsman N, Ondo WG, Ghanouni P, Kim YG, Lee W, et al. A
randomized trial of focused ultrasound thalamotomy for essential tremor. N
Engl J Med. 2016;375:730–9.

5. Ravikumar VK, Parker JJ, Hornbeck TS, Santini VE, Pauly KB, Wintermark M, et
al. Cost-effectiveness of focused ultrasound, radiosurgery, and DBS for
essential tremor. Mov Disord Off J Mov Disord Soc. 2017;32(8):1165–73.

6. Louis ED, Ferreira JJ. How common is the most common adult movement
disorder? Update on the worldwide prevalence of essential tremor. Mov
Disord Off J Mov. Disord. Soc 2010;25:534–541.

7. Louis ED. Treatment of essential tremor: Are there issues we are
overlooking? Front Neurol. 2011;2:91.

8. Yu H, Neimat JS. The treatment of movement disorders by deep brain
stimulation. Neurother J Am Soc Exp Neurother. 2008;5:26–36.

9. Niranjan A, Raju SS, Kooshkabadi A, Monaco E, Flickinger JC, Lunsford LD.
Stereotactic radiosurgery for essential tremor: Retrospective analysis of a 19-
year experience. Mov Disord Off J Mov Disord Soc. 2017;32(5):769–77.

10. Kleiner-Fisman G, Herzog J, Fisman DN, Tamma F, Lyons KE, Pahwa R, et al.
Subthalamic nucleus deep brain stimulation: summary and meta-analysis of
outcomes. Mov Disord Off J Mov Disord Soc. 2006;21(Suppl 14):S290–304.

11. Elias WJ, Huss D, Voss T, Loomba J, Khaled M, Zadicario E, et al. A pilot
study of focused ultrasound thalamotomy for essential tremor. N Engl J
Med. 2013;369:640–8.

12. Lipsman N, Schwartz ML, Huang Y, Lee L, Sankar T, Chapman M, et al. MR-
guided focused ultrasound thalamotomy for essential tremor: a proof-of-
concept study. Lancet Neurol. 2013;12:462–8.

13. Zaaroor M, Sinai A, Goldsher D, Eran A, Nassar M, Schlesinger I. Magnetic
resonance-guided focused ultrasound thalamotomy for tremor: a report of
30 Parkinson’s disease and essential tremor cases. J Neurosurg. 2017;1–9.
doi:10.3171/2016.10.JNS16758.

14. Postuma RB, Berg D. Advances in markers of prodromal Parkinson disease.
Nat Rev Neurol. 2016;12:622–34.

15. Schlesinger I, Sinai A, Zaaroor M. MRI-guided focused ultrasound in
Parkinson’s disease: a review. Park Dis. 2017;2017:8124624.

16. Kalia LV, Lang AE. Parkinson’s disease. Lancet. 2015;386:896–912.
17. Volkmann J, Albanese A, Kulisevsky J, Tornqvist A-L, Houeto J-L, Pidoux B, et

al. Long-term effects of pallidal or subthalamic deep brain stimulation on
quality of life in Parkinson’s disease. Mov Disord. 2009;24:1154–61.

18. Magara A, Bühler R, Moser D, Kowalski M, Pourtehrani P, Jeanmonod D. First
experience with MR-guided focused ultrasound in the treatment of
Parkinson’s disease. J Ther Ultrasound. 2014;2:11.

19. Schlesinger I, Eran A, Sinai A, Erikh I, Nassar M, Goldsher D, et al. MRI guided
focused ultrasound thalamotomy for moderate-to-severe tremor in
Parkinson’s Disease. Park Dis. 2015;2015:e219149.

20. Bond AE, Dallapiazza R, Huss D, Warren AL, Sperling S, Gwinn R, et al. 132
A randomized, sham-controlled trial of transcranial magnetic resonance-

Meng et al. Journal of Therapeutic Ultrasound  (2017) 5:26 Page 7 of 9

http://dx.doi.org/10.3171/2016.10.JNS16758


guided focused ultrasound thalamotomy trial for the treatment of tremor-
dominant, idiopathic Parkinson Disease. Neurosurgery. 2016;63(Suppl 1):154.

21. Na YC, Chang WS, Jung HH, Kweon EJ, Chang JW. Unilateral magnetic
resonance-guided focused ultrasound pallidotomy for Parkinson disease.
Neurology. 2015;85:549–51.

22. Pardridge WM. CSF, blood-brain barrier, and brain drug delivery. Expert
Opin Drug Deliv. 2016;13:963–75.

23. Desai BS, Monahan AJ, Carvey PM, Hendey B. Blood–brain barrier pathology
in Alzheimer’s and Parkinson’s disease: implications for drug therapy. Cell
Transplant. 2007;16:285–99.

24. Hynynen K, McDannold N, Vykhodtseva N, Raymond S, Weissleder R, Jolesz
FA, et al. Focal disruption of the blood–brain barrier due to 260-kHz
ultrasound bursts: a method for molecular imaging and targeted drug
delivery. J Neurosurg. 2006;105:445–54.

25. Burgess A, Shah K, Hough O, Hynynen K. Focused ultrasound-mediated
drug delivery through the blood-brain barrier. Expert Rev Neurother. 2015;
15:477–91.

26. Chen H, Konofagou EE. The size of blood-brain barrier opening induced by
focused ultrasound is dictated by the acoustic pressure. J Cereb Blood Flow
Metab Off J Int Soc Cereb Blood Flow Metab. 2014;34:1197–204.

27. Kinoshita M, McDannold N, Jolesz FA, 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 U S A.
2006;103:11719–23.

28. Thévenot E, Jordão JF, O’Reilly MA, Markham K, Weng Y-Q, Foust KD, 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. 2012;23:1144–55.

29. Alkins R, Burgess A, Kerbel R, Wels WS, Hynynen K. Early treatment of HER2-
amplified brain tumors with targeted NK-92 cells and focused ultrasound
improves survival. Neuro-Oncol. 2016;18:974–81.

30. Burgess A, Ayala-Grosso CA, Ganguly M, Jordão JF, Aubert I, Hynynen K.
Targeted delivery of neural stem cells to the brain using MRI-guided
focused ultrasound to disrupt the blood-brain barrier. PLoS One. 2011;6:
e27877.

31. Lang AE, Gill S, Patel NK, Lozano A, Nutt JG, Penn R, et al. Randomized
controlled trial of intraputamenal glial cell line-derived neurotrophic factor
infusion in Parkinson disease. Ann Neurol. 2006;59:459–66.

32. Warren Olanow C, Bartus RT, Baumann TL, Factor S, Boulis N, Stacy M, et al.
Gene delivery of neurturin to putamen and substantia nigra in Parkinson
disease: a double-blind, randomized, controlled trial. Ann Neurol. 2015;78:
248–57.

33. Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, et al.
Transplantation of embryonic dopamine neurons for severe Parkinson’s
disease. N Engl J Med. 2001;344:710–9.

34. Arrigoni F, Barile A, Zugaro L, Spending A, Di Cesare E, Caranci F, et al. Intra-
articular benign bone lesions treated with Magnetic Resonance-guided
Focused Ultrasound (MRgFUS): imaging follow-up and clinical results. Med
Oncol Northwood Lond Engl. 2017;34:55.

35. Fan C-H, Ting C-Y, Lin C-Y, Chan H-L, Chang Y-C, Chen Y-Y, et al.
Noninvasive, targeted, and non-viral ultrasound-mediated GDNF-plasmid
delivery for treatment of Parkinson’s Disease. Sci Rep. 2016;6:19579.

36. Samiotaki G, Acosta C, Wang S, Konofagou EE. Enhanced delivery and
bioactivity of the neurturin neurotrophic factor through focused
ultrasound—mediated blood–brain barrier opening in vivo. J Cereb Blood
Flow Metab. 2015;35:611–22.

37. Mead BP, Kim N, Miller GW, Hodges D, Mastorakos P, Klibanov AL, et al.
Novel focused ultrasound gene therapy approach noninvasively restores
dopaminergic neuron function in a rat Parkinson’s disease model. Nano
Lett. 2017;17:3533–42.

38. Torrance N, Smith BH, Bennett MI, Lee AJ. The epidemiology of chronic pain
of predominantly neuropathic origin. Results from a general population
survey. J Pain Off J Am Pain Soc. 2006;7:281–9.

39. Dworkin RH, O’Connor AB, Backonja M, Farrar JT, Finnerup NB, Jensen TS, et
al. Pharmacologic management of neuropathic pain: evidence-based
recommendations. Pain. 2007;132:237–51.

40. Giller CA. The neurosurgical treatment of pain. Arch Neurol. 2003;60:
1537–40.

41. Young RF, Vermeulen SS, Grimm P, Posewitz AE, Jacques DB, Rand RW, et al.
Gamma Knife thalamotomy for the treatment of persistent pain. Stereotact
Funct Neurosurg. 1995;64(Suppl 1):172–81.

42. Jeanmonod D, Werner B, Morel A, Michels L, Zadicario E, Schiff G, et al.
Transcranial magnetic resonance imaging-guided focused ultrasound:
noninvasive central lateral thalamotomy for chronic neuropathic pain.
Neurosurg Focus. 2012;32:E1.

43. Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime
prevalence and age-of-onset distributions of DSM-IV disorders in the
national comorbidity survey replication. Arch Gen Psychiatry. 2005;62:593.

44. Hu X-Z, Lipsky RH, Zhu G, Akhtar LA, Taubman J, Greenberg BD, et al.
Serotonin transporter promoter gain-of-function genotypes are linked to
obsessive-compulsive disorder. Am J Hum Genet. 2006;78:815–26.

45. Raz Gross, Yehuda Sasson, Miriam Chopra, Joseph Zohar. Biological models
of obsessive-compulsive disorder: the serotonin hypothesis. In: Richard P.
Swinson, Martin M. Antony, S. Rachman MAR, editor. Obsessive-Compuls.
Disord. Theory Res. Treat. New York: Guilford Press; 2001. p. 141–53.

46. Dickel DE, Veenstra-VanderWeele J, Bivens NC, Wu X, Fischer DJ, Van Etten-
Lee M, et al. Association studies of serotonin system candidate genes in
early-onset obsessive-compulsive disorder. Biol Psychiatry. 2007;61:322–9.

47. Chakrabarty K, Bhattacharyya S, Christopher R, Khanna S. Glutamatergic
dysfunction in OCD. Neuropsychopharmacology. 2005;30:1735–40.

48. Franklin ME, Foa EB. Treatment of obsessive compulsive disorder. Annu Rev
Clin Psychol. 2011;7:229–43.

49. Bloch MH, Landeros-Weisenberger A, Kelmendi B, Coric V, Bracken MB,
Leckman JF. A systematic review: antipsychotic augmentation with
treatment refractory obsessive-compulsive disorder. Mol Psychiatry. 2006;11:
622–32. Nature Publishing Group

50. Atmaca M. Treatment-refractory obsessive compulsive disorder. Prog Neuro-
Psychopharmacol Biol Psychiatry. 2016;70:127–33.

51. Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, et al. Research
domain criteria (RDoC): toward a new classification framework for research
on mental disorders. Am J Psychiatry. 2010;167:748–51.

52. Talairach J, Hecaen H, David M. Lobotomie préfrontale limitée par électro-
coagulation des fibres thalamo-frontales à leur émergence du bras antérieur
de la capsule interne. 4e Congr Neurol Intern. Paris II. 1949;141.

53. Scoville WB. Selective cortical undercutting as a means of modifying and
studying frontal lobe function in man. J Neurosurg. 1949;6:65–73.

54. Kelly D. Psychosurgery and the limbic system. Postgrad Med J. 1973;49:825–
33. BMJ Publishing Group

55. Christmas D, Eljamel MS, Butler S, Hazari H, MacVicar R, Steele JD, et al. Long
term outcome of thermal anterior capsulotomy for chronic, treatment
refractory depression. J Neurol Neurosurg Psychiatry. 2011;82:594–600.

56. Hurwitz TA, Honey CR, Allen J, Gosselin C, Hewko R, Martzke J, et al. Bilateral
anterior capsulotomy for intractable depression. J Neuropsychiatry Clin
Neurosci. 2012;24:176–82.

57. Papez JW. A proposed mechanism of emotion. 1937 [classical article]. J
Neuropsychiatry Clin Neurosci. 1995;7:103–12.

58. Pepper J, Hariz M, Zrinzo L. Deep brain stimulation versus anterior
capsulotomy for obsessive-compulsive disorder: a review of the literature. J
Neurosurg. 2015;122:1028–37.

59. Brown LT, Mikell CB, Youngerman BE, Zhang Y, McKhann GM, Sheth SA.
Dorsal anterior cingulotomy and anterior capsulotomy for severe, refractory
obsessive-compulsive disorder: a systematic review of observational studies.
J Neurosurg. 2016;124:77–89. American Association of Neurological
Surgeons

60. Ganz JC. Gamma knife neurosurgery. New York: Springer; 2011.
61. Rück C, Karlsson A, Steele JD, Edman G, Meyerson BA, Ericson K, et al.

Capsulotomy for obsessive-compulsive disorder. Arch Gen Psychiatry. 2008;
65:914. University Park Press, Baltimore, MD

62. Jung HH, Kim SJ, Roh D, Chang JG, Chang WS, Kweon EJ, 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. 2015;20:1205–11. Nature Publishing Group

63. Kim M, Kim C-H, Jung HH, Kim SJ, Chang JW. Treatment of major depressive
disorder via magnetic resonance-guided focused ultrasound surgery. Biol
Psychiatry; 2017. doi:10.1016/j.biopsych.2017.05.008.

64. Nussbaum ES, Djalilian HR, Cho KH, Hall WA. Brain metastases. Histology,
multiplicity, surgery, and survival. Cancer. 1996;78:1781–8.

65. Adamson C, Kanu OO, Mehta AI, Di C, Lin N, Mattox AK, et al. Glioblastoma
multiforme: a review of where we have been and where we are going.
Expert Opin Investig Drugs. 2009;18:1061–83.

66. Tran B, Rosenthal MA. Survival comparison between glioblastoma
multiforme and other incurable cancers. J Clin Neurosci. 2010;17:417–21.

Meng et al. Journal of Therapeutic Ultrasound  (2017) 5:26 Page 8 of 9

http://dx.doi.org/10.1016/j.biopsych.2017.05.008


67. Missios S, Bekelis K, Barnett GH. Renaissance of laser interstitial thermal
ablation. Neurosurg Focus. 2015;38:E13.

68. Guan L, Xu G. Damage effect of high-intensity focused ultrasound on breast
cancer tissues and their vascularities. World J Surg Oncol. 2016;14:153.

69. Chaussy CG, Thüroff S. High-intensity focused ultrasound for the treatment
of prostate cancer: a review. J Endourol. 2017;31:S30–7.

70. Dewhirst MW, Viglianti BL, Lora-Michiels M, Hanson M, Hoopes PJ. Basic
principles of thermal dosimetry and thermal thresholds for tissue damage
from hyperthermia. Int J Hyperth Off J Eur Soc Hyperthermic Oncol North
Am Hyperth Group. 2003;19:267–94.

71. McDannold N, Clement GT, Black P, Jolesz F, Hynynen K. Transcranial
magnetic resonance imaging- guided focused ultrasound surgery of brain
tumors: initial findings in 3 patients. Neurosurgery. 2010;66:323–32.
discussion 332

72. McDannold N, Zhang Y-Z, Power C, Jolesz F, Vykhodtseva N. Nonthermal
ablation with microbubble-enhanced focused ultrasound close to the optic
tract without affecting nerve function: Laboratory investigation. J Neurosurg.
2013;119:1208.

73. Arvanitis CD, Vykhodtseva N, Jolesz F, Livingstone M, McDannold N.
Cavitation-enhanced nonthermal ablation in deep brain targets: feasibility in
a large animal model. J Neurosurg. 2015;124:1450–9.

74. Top CB, White PJ, McDannold NJ. Nonthermal ablation of deep brain
targets: a simulation study on a large animal model. Med Phys. 2016;43:
870–82.

75. Quail DF, Joyce JA. The microenvironmental landscape of brain tumors.
Cancer Cell. 2017;31:326–41.

76. Rochet NM, Dronca RS, Kottschade LA, Chavan RN, Gorman B, Gilbertson JR,
et al. Melanoma brain metastases and vemurafenib: need for further
investigation. Mayo Clin Proc. 2012;87:976–81.

77. Pestalozzi BC, Brignoli S. Trastuzumab in CSF. J Clin Oncol Off J Am Soc Clin
Oncol. 2000;18:2349–51.

78. Burkhardt J-K, Riina HA, Shin BJ, Moliterno JA, Hofstetter CP, Boockvar JA.
Intra-arterial chemotherapy for malignant gliomas: a critical analysis. Interv
Neuroradiol. 2011;17:286–95.

79. Wei K-C, Chu P-C, Wang H-YJ, Huang C-Y, Chen P-Y, Tsai H-C, et al. Focused
ultrasound-induced blood–brain barrier opening to enhance temozolomide
delivery for glioblastoma treatment: a preclinical study. PLoS One. 2013;8:
e58995.

80. Karran E, De Strooper B. The amyloid cascade hypothesis: are we poised for
success or failure? J. Neurochem. 2016;139(Suppl 2):237–52.

81. Salloway S, Sperling R, Fox NC, Blennow K, Klunk W, Raskind M, et al. Two
phase 3 trials of bapineuzumab in mild-to-moderate Alzheimer’s disease. N
Engl J Med. 2014;370:322–33.

82. Doody RS, Thomas RG, Farlow M, Iwatsubo T, Vellas B, Joffe S, et al. Phase 3
trials of solanezumab for mild-to-moderate Alzheimer’s disease. N Engl J
Med. 2014;370:311–21.

83. Jordão JF, Ayala-Grosso CA, Markham K, Huang Y, Chopra R, McLaurin J, 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. 2010;5:e10549.

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

85. Nisbet RM, Van der Jeugd A, Leinenga G, Evans HT, Janowicz PW, Götz J.
Combined effects of scanning ultrasound and a tau-specific single chain
antibody in a tau transgenic mouse model. Brain J Neurol. 2017;140(5):
1220–1230.

86. Kovacs ZI, Kim S, Jikaria N, Qureshi F, Milo B, Lewis BK, et al. Disrupting the
blood-brain barrier by focused ultrasound induces sterile inflammation. Proc
Natl Acad Sci U S A. 2017;114:E75–84.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Meng et al. Journal of Therapeutic Ultrasound  (2017) 5:26 Page 9 of 9


	Outline placeholder
	Abstract

	Background
	Movement disorders
	Essential tremor
	Parkinson’s disease

	Pain
	Obsessive-compulsive disorder
	Brain tumors
	Ablation
	Blood brain barrier disruption for chemotherapy delivery

	Alzheimer’s disease

	Conclusion and future directions
	Abbreviations
	Available data and materials
	Funding
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

