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A B S T R A C T

The blood-brain barrier (BBB) presents a formidable challenge in delivering therapeutic agents to the central
nervous system. Ultrasound-mediated BBB disruption has emerged as a promising non-invasive technique to
enhance drug delivery to the brain. This manuscript reviews fundamental principles of ultrasound-based tech-
niques and their mechanisms of action in temporarily permeabilizing the BBB. Clinical trials employing ultra-
sound for BBB disruption are discussed, summarizing diverse applications ranging from the treatment of
neurodegenerative diseases to targeted drug delivery for brain tumors. The review also addresses safety con-
siderations, outlining the current understanding of potential risks and mitigation strategies associated with ul-
trasound exposure, including real-time monitoring and assessment of treatment efficacy. Among the large number
of studies, significant successes are highlighted thus providing perspective on the future direction of the field.
Introduction

The blood-brain barrier (BBB) is the first line of defense against po-
tential toxins and pathogens. This selective barrier comprises endothelial
cells, pericytes, and astrocytes that create tight junctions, only allowing
specific molecules to enter the brain parenchyma [1]. Notably, lipophilic
and uncharged molecules less than 400 Da (Da), unbound to plasma
proteins, and without membrane transporters can diffuse freely [2]. For
example, O2, CO2, water, and small lipid-soluble molecules easily cross
the BBB via diffusion (i.e., passive diffusion) [3]. While the BBB preserves
homeostasis in the brain, it also hinders the delivery of therapeutics to
the central nervous system (CNS). Specifically, certain molecules do not
enter the brain parenchyma due to unfavorable physicochemical prop-
erties such as molecular size, weight, polarity, and lipophilicity [4].
Therefore, the development of next generation neurotherapeutics faces a
bottleneck in their eventual translation into clinical practice. For
example, despite the promising efficacy of Trastuzumab in breast
metastasis preclinical models, its molecular size limits effective distri-
bution in the brain parenchyma [5,6].

The known entry pathways across the BBB independent of diffusion
include transcytosis (i.e., receptor-mediated, carrier-mediated, and
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adsorptive-mediated), paracellular, and vector-mediated [7]. The initial
attempts to disrupt, or “open” the BBB (BBBO) included the use of
intra-arterial osmotic molecules (i.e., intra-arterial mannitol), chimeric
peptides, and pro-inflammatory cytokines, but these approaches lacked
specificity [8]. Currently, the preferred delivery strategies for neuro-
therapeutics include convection-enhanced, intraventricular, intrathecal,
intranasal, and intravenous administration, utilizing specific receptors
(such as insulin and transferrin) [9]. While these routes are effective in
delivering selective therapeutics, investigators often face a tradeoff be-
tween high specificity and the risk of adverse events related to the
invasiveness of the delivery route. For example, highly selective routes
such as convection-enhanced delivery involve direct injections into the
brain, which are associated with a certain degree of morbidity and
adverse events. The ability to non-invasively, reversibly, enhance drug
delivery to the brain in a spatially localized or targeted fashion thus
represents a significant enabling technique for vast classes of neuro-
pharmacological interventions with the potential ability to improve
therapeutic efficacy across the whole spectrum of neurological diseases.

Transcranial focused ultrasound (FUS) has become an FDA-approved
treatment for neurological disorders such as essential tremor and tremor-
dominant Parkinson's disease and is currently being tested for epilepsy
c.edu (P.A. Dayton).
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[10], neuropathic pain [11], and psychiatric disorders [12]. While the
existing FUS applications involve tissue ablation, the ability for BBBO
(FUS-BBBO), combined with intravascular contrast agents (e.g. conven-
tional clinically approved microbubbles), offers an exciting opportunity
to deliver neurotherapeutics into the brain. Extensive research in pre-
clinical models has shown FUS-BBBO to be safe, reproducible, and
repeatable. Given the substantial potential benefits of incisionless pre-
cision therapeutic delivery to the brain, enthusiasm around this approach
has led to quick adaption for human applications and is currently being
tested in an increasing number of clinical trials (Fig. 1). This review
examines the technical considerations for FUS-BBBO, emphasizing the
current research to deliver therapeutics optimally. In the second part
of this review, we discuss the current applications of FUS-BBBO in clin-
ical trials involving neurodegenerative disorders, tumors, and other
applications.

Fundamentals of FUS-BBBO

Ultrasound-mediated blood-brain barrier disruption is driven by the
interaction of acoustic pressure waves with intravascularly administered
cavitation enhancing agents (referred to here as contrast agents).
Everything from the composition and structure of the contrast agents
[13] to the shape and characteristics of the acoustic pulse [14] may factor
into the efficacy and safety of the administered therapy. A full description
of all considerations for therapeutic ultrasound in the brain is beyond the
scope of this review, but a brief overview will familiarize the reader with
the major concepts necessary to discuss the current preclinical and
clinical findings.

The relevant ultrasound parameters are frequency, incident energy
(described as peak negative pressure), duty cycle and treatment duration
[15]. Similarly, the properties of interest for the contrast agents include
the shell formulation, size, dose, and half-life [16]. Careful combinations
of contrast agents and FUS have allowed the noninvasive delivery of
small molecules, proteins, antibodies, viral vectors, and nanoparticles
across the BBB in preclinical studies [17–20]. Through a deep under-
standing of these factors, the technique of BBBO can be tailored for the
predictable delivery of specific therapeutics into the brain. While a vast
parameter space has been covered in preclinical experiments, efforts are
underway to standardize FUS-BBBO parameters in humans [15].

Microbubbles

Microbubbles are a key element in the translation of acoustic energy
to mechanical effects that are required for BBBO. Originally developed as
Fig. 1. The cumulative number of clinical trials registered on clinicaltrials.gov by
applications (Cancer), neurodegenerative diseases (NDD), or other applications. Trial
brain barrier” were included and unrelated trials were removed.
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highly reflective vascular contrast agents for ultrasound imaging,
microbubbles are stable in circulation for up to 10 min and are used
diagnostically as a blood pool agent. Microbubbles are typically 1–3 μm
in diameter and consist of a poorly water-soluble gas core stabilized by
shell-forming agents at the surface. A variety of microbubble shell com-
positions are clinically approved, ranging from polymers to proteins to
lipids [21]. Under the low acoustic energies of diagnostic imaging ap-
plications, microbubbles produce little to no bioeffects. Therapeutically,
however, microbubbles can act as substantial local amplifiers of acoustic
energy – increasing local cavitation at their location in the acoustic field.
As a compressible entity, microbubbles expand and contract when
exposed to an acoustic pressure wave, creating microstreaming fluid flow
and shear stress in the immediate vicinity. When this oscillation occurs
inside a blood vessel, it can temporarily and reversibly disrupt the
integrity of the endothelium, allowing endogenous and exogenous mol-
ecules to pass across the vascular barrier [22,23]. Although other types of
cavitation enhancing agents such as phase-change nanodroplets have
also been explored for BBBO in pre-clinical studies [24–27], only
microbubbles are currently approved for use in humans.

Microbubble dose correlates directly with increasing BBBO if other
variables remain constant [28]. Comparisons between microbubble sizes
suggest that the total injected gas volume is more important for BBBO
than microbubble size or concentration alone [29]. Practically, contrast
agent dosing limitations (originally developed for contrast imaging in-
dications) have dictated the microbubble administration, typically given
as an IV infusion for consistent treatment throughout the procedure.
Therapeutic applications may benefit from higher doses, and higher
limits are being investigated [30]. The oscillating microbubbles produce
a characteristic acoustic response in proportion to both dose and pressure
(i.e., incident ultrasound energy), which can be monitored via passive
cavitation detection. Cavitationmonitoring feedback is used for real-time
parameter regulation and dose estimation to maximize efficacy and
minimize risk [31–34].

Pressure

Peak negative pressure (PNP) describes the pressure amplitude of the
negative cycle of an acoustic wave. Ultrasound frequency and PNP
together are used to calculate the Mechanical Index (MI), a measure of
acoustic power that is related to the likelihood of tissue effects from ul-
trasound alone and a safety regulated parameter for ultrasound diag-
nostic imaging [35]. The MI is often used to compare acoustic pressures
at different frequencies. Increasing PNP increases the magnitude of the
size change of the microbubbles. At low and moderate pressures,
year for studies related to ultrasound blood-brain barrier disruption for cancer
s found by searching clinicaltrials.gov for the keywords “ultrasound” and “blood-
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microbubbles will oscillate continually without collapsing (referred to as
stable cavitation), creating fluid flow and shear stress sufficient to open
the BBB. At higher pressures, the bubble can be driven to dissolution or
collapse (inertial cavitation), which additionally produces shock waves
and microjets [36] and is associated with a higher incidence of undesired
bioeffects. For BBB disruption, PNP is the primary parameter deter-
mining efficacy and safety [37]. Microbubbles undergoing stable or in-
ertial cavitation produce unique acoustic responses which can be
detected and quantified by secondary ultrasound receivers. This passive
cavitation dose (PCD) provides real-time feedback of the intensity and
type of microbubble-related activity and correlates with both safety and
efficacy [38,39]. Generally, stable cavitation increases with increasing
pressure, until the inertial cavitation threshold is reached. Stable cavi-
tation is sufficient to cause BBBO, while inertial cavitation is minimized
to avoid tissue damage.

Clinically, pressure is a major control variable which can often be
adjusted during the procedure. Due to differences in skull thickness and
tissue properties for each patient, pressure is often optimized for each
targeted area. For systems employing cavitation feedback, a brief pres-
sure ramp is employed to identify the inertial cavitation threshold,
allowing the subsequent treatment to proceed in the stable cavitation
regime [40] regulated by device-specific automatic algorithms. As
implanted devices bypass the skull and treat a fixed area, they can be
pre-programmed for a set pressure based on initial device calibration
[41]. Studies in implanted devices have demonstrated the FUS-BBBO
threshold in humans to be around 0.8 MI [42].

Frequency

The frequency of ultrasound is an important parameter for BBB
disruption as it largely determines two fundamental treatment parame-
ters – focal spot size and penetration depth. Lower frequency waves
experience less attenuation, and can thus generate higher pressures at
locations deeper in tissue. Furthermore they are less aberrated by the
skull morphology and thus more easily retain their ability to focus
through the skull which increases the repeatability of the focal spot size,
location, and magnitude. However, higher frequencies can be focused on
a smaller point to improve treatment specificity. Preclinically, BBB
disruption has been demonstrated with relatively high frequencies (in
animal models, frequencies � 1 MHz are often used, though a wider
range has been investigated) as the thin skull and relatively small brain
anatomy of rodents and non-human primates allow for shallow targeting
with less concern of attenuation related heating or pressure loss. In
contrast, human clinical systems used for BBBO typically operate in the
200–500 kHz range, with 1.5 MHz considered the upper safety limit of
the ultrasound fundamental frequency to minimize the risk of heating-
related tissue damage [3,43]. Most clinical studies use fixed fre-
quencies of 0.22 MHz, 0.5 MHz, or 1.05 MHz, based on three leading
commercial versions [21]. Transcranial devices use lower frequencies to
deliver through the attenuating and diffracting skull, whereas an
implantable system can use higher frequencies.

Pulse length

Diagnostic imaging typically uses single or several cycle ultrasound
pulses, however, longer pulses consisting of tens to thousands of cycles
can be employed for therapeutic applications. The pulse length is the
length of the ultrasound transmission, typically given either in cycles or
in seconds. As ultrasound pressure waves are directional and impart some
of their momentum to objects in the medium they travel through, each
cycle has the potential to push tissue and microbubbles in the direction of
the wave, a property described as acoustic radiation force (ARF). Along
with pressure, increasing pulse length can increase ARF, which can be
leveraged to image the acoustic tissue stiffness [44] or to push bubbles
into the vessel wall to improve ligand binding in ultrasound molecular
imaging [45]. Similarly, long pulses driving bubbles into the vascular
3

endothelium can increase both the magnitude and duration of BBB
disruption in mice [46], as well as the likelihood of tissue damage [47].
The duty cycle is the ratio of the ultrasound “on time” to “off time”,
usually given in percent. Pulse lengths and duty cycle should be adjusted
to ensure microbubbles are perfusing the treated area between pulses.
The time it takes to perfuse the vessels fully may be very different be-
tween healthy and tumor vasculature [48], though this can be assessed
using acoustic monitoring. In clinical studies, an approximate 1% duty
cycle is used for BBBO, but this parameter can vary according to the
fundamental frequency and the sonication duration [49].

Preclinical mechanistic and safety evaluations

Experiments in the preclinical space help identify the biomechanical
and biochemical changes that can accompany BBBO. Initially, safety
studies focused on minimizing red blood cell extravasation and neuronal
apoptosis [50,51], where the relationships of pressure, duty cycle, and
microbubble dose as they contribute to efficacy and safety were estab-
lished. Following the identification of safe limits, mechanistic studies
sought to identify precisely how BBBO occurs. While the mechanisms are
still being explored, increases in both paracellular and transcellular
transport have been observed [22]. When microbubbles are stimulated
with ultrasound while in direct contact with endothelial cells, they can
create a calcium wave, causing cells to temporarily contract, which can
open tight junctions [52], and histological analysis has revealed
increased tight junction protein expression following BBBO, suggesting
tight junction disruption.

Due to the heterogeneity of vasculature in the brain, it has been
determined that different brain regions may require different ultrasound
parameters for BBBO. For example, studies in macaques have shown that
the same parameters sufficient for BBBO in grey matter structures did not
cause permeability changes in white matter [53]. In humans, different
cavitation dose prescriptions are being used for treating specific areas
such as the hippocampus (higher dose) or the thalamus, parietal, or
frontal lobes (lower dose) [54].

Investigations into the biochemical changes accompanying FUS-
BBBO revealed an increase in a range of inflammatory cytokines, effec-
tively creating a biochemical state of sterile inflammation without edema
that resolves over time [51,55]. Contributing to this is the extravasation
of serum albumin into the parenchyma, which initiates glial clearance
mechanisms [55]. This mechanism could explain the observed cognitive
improvement in some PD subjects [56] and amyloid beta (Aβ) clearance
in Alzheimer's patients [57] who received BBBO without any therapeutic
agents. However, as discussed later, the possibility of ultrasound neu-
romodulation cannot be ruled out.

Neuromodulation refers to the direct stimulation of nerves and
neuronal tissue and has been evaluated with electrical, magnetic or ul-
trasonic stimuli (i.e., deep brain stimulation) [58,59]. Ultrasound neu-
romodulation is a rapidly growing field that utilizes acoustic pressure
waves to act on cell membranes and mechanosensitive ion channels
directly to induce neuronal activity [60], eliciting both excitatory and
inhibitory responses [61]. Ultrasound neuromodulation can be achieved
without microbubbles and has been clinically evaluated in patients with
a variety of conditions, such as epilepsy, chronic pain, and Alzheimer's
disease [61]. As microbubbles can enhance local ultrasound effects, it is
hypothesized that neuromodulation could accompany FUS-BBBO, with
preclinical investigations suggesting that it may occur at certain pres-
sures [62]. Ultrasound neuromodulation has utility both as a mechanism
to assess brain functionality and to affect durable neurocognitive changes
[63], and may have additional utility in new applications in conjunction
with FUS-BBBO.

Hardware and devices

One of the main challenges of using ultrasound for blood-brain bar-
rier disruption is the precise delivery of ultrasound energy through the
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skull. Delivery of ultrasound through the bones of the skull is compli-
cated by substantial attenuation and distortion, resulting in low pressures
reaching brain tissue and phase aberration, which can shift the target
region [12]. With the aforementioned critical parameters in mind,
different hardware and device designs have been developed to meet
various clinical needs. A comprehensive discussion of clinical systems has
recently been published [15]. An overview of technical approaches and
available systems are provided herein.

The most straightforward approach is to bypass the skull. Implantable
ultrasonic devices (such as the Carthera SonoCloud) are installed through
a cranial window and affixed rigidly to the skull, allowing the repeated
delivery of ultrasound to the same location over time. With a fixed focus
and position, implantable devices do not require concomitant image
guidance for treatment. As implantable devices do not require trans-
cranial ultrasound transmission, they can utilize higher frequencies (~1
MHz), which provides a smaller focal region for precision treatment.
While no specific indication or designation has yet been determined, a
utility of implantable systems is ease of repeated pairing with an infusion
of drugs and microbubbles in an outpatient setting, which is amenable to
current chemotherapy workflows.

The second category of BBB hardware represents transcranial sys-
tems. These systems can utilize a singular transducer or an array of
transducers around the skull, which can be focused on the targeted
treatment area. Acoustic coupling to the patient is achieved with a water
jacket or acoustic standoff, and no longer requires the head to be shaved
prior to treatment [57]. Transcranial systems utilize lower frequency
ultrasound (~200–500 kHz) to overcome the transmission challenges
presented by the skull. Transcranial systems typically employ image
guidance via MRI or CT to select the appropriate treatment area. The
NeuroAccess platform being developed by Cordance Medical and the
NaviFUS system (NaviFUS Inc.) use a pre-acquired image and neuro-
navigational positioning system, which allows accurate treatment
without the need for real-time imaging. Alternatively, the Insightec
Exablate Neuro is a hemispheric array which is integrated with the MRI,
allowing for additional feedback and safety monitoring, including gad-
olinium enhancement post-BBBO.

The FDA Breakthrough Devices program was established in 2018 to
speed up development and premarket approval for certain designated
systems with high impact potential. As of the time of this article, the
SonoCloud-9 system has received Breakthrough Device designation for
the treatment of GBM, and the transcranial systems Exablate Neuro and
NeuroAccess have received the same designation for both BBB disruption
for the treatment of brain tumors and liquid biopsy.

Building on preclinical work, the FUS-BBBO is being clinically tested
in several neurological disorders. The following review summarizes the
clinical trial results in patients with Alzheimer's Disease (AD), brain tu-
mors, Parkinson's disease, and others.

Clinical Evaluations in Alzheimer's Disease

Alzheimer's disease is the most common neurodegenerative disorder
[64], characterized by the deposition of amyloid-β plaque and hyper-
phosphorylated tau. Several immunotherapy medications have been
tested recently and shown to reduce plaque burden and modestly slow
cognitive decline [65,66]. While these immunotherapy treatments await
implementation in clinical practice, current research aims to efficiently
deliver these medications across the BBB to reduce the treatment dura-
tion and potentially improve spatial specificity (Table 1). It is possible
that BBB dysfunction may itself be associated with the pathogenesis of
Alzheimer's disease [67], which may warrant additional caution for in-
terventions for AD which involve BBB compromise.

In patients with AD, temporary and repeated opening of the BBB with
FUS is safe. A phase I clinical trial conducted at the University of Toronto
included five patients with early Alzheimer's Disease. Using the Insight-
ec's 220 kHz system, the BBB was opened repeatedly and restored within
24 h in all patients with no significant adverse effects or cognitive decline
4

in three months post FUS-BBBO [40]. Aβ levels were tracked before and
after, but no significant changes were observed. In a phase II clinical trial
conducted between October 2018 and May 2019 at West Virginia Uni-
versity and Cornell University, three female subjects with early AD
received FUS BBB opening in the unilateral hippocampus with target
volumes of 5� 5� 7 mm repeated every two weeks for three consecutive
cycles [68]. Following the opening, the BBB integrity was determined by
serial contrast-enhanced MRI. Results indicated no adverse effects, and
all three patients had BBB closure in the hippocampus within 24 h [69].
Encouraged by the observed safety, the treatment volumes were
expanded to bilateral hemispheres and larger volumes, and 10 subjects
(55–76 years old) with mild AD underwent three FUS-BBBO treatments,
two weeks apart, at West Virginia University and Cornell University. This
clinical trial reported the effects of BBB opening at multiple locations in
the parietal and frontal regions of the brain, as well as the hippocampus,
with spatially distinct target locations [57]. FUS-BBBO treatment was
accurate and effective (BBBO observed in all 30 treatments) and resto-
ration occurred within 24 h from the FUS treatment at each timepoint.
Only minor adverse effects were detected, with no hemorrhages visible
on MRI. Contrast enhancement along the cerebral veins was also re-
ported, which was thought to be related to contrast clearance via the
brain's glymphatic system, as had been reported previously [70]. There
was no cognitive or clinical decline in any patients who received the FUS
treatment, and PET quantification of Aβ after the three treatments
showed a reduction in standardized uptake value ratio (SUVR, a measure
of Aβ) of 5% (�4%) in the targeted region compared to levels prior to the
first treatment. The results demonstrate that FUS-BBBO was safe and
reproducible in both cortical and subcortical regions, with larger (up to
30 cm3) treatment volumes, in AD patients.

Another phase II clinical trial from Yonsei University replicated
similar safety results in 6 AD subjects with a target volume between 318
mm3 and 873 mm3 in the hippocampus centered in locations with high
amyloid plaque burden. The researchers reported BBBO in an average of
95% of the target volume after FUS treatment and without any area
outside the target being exposed to BBB disruption [71]. Currently, in-
vestigators are focusing on combining FUS-BBBO with anti-amyloid
immunotherapy. Results from a limited 3 patient trial pairing
FUS-BBBO with aducanumab infusions were recently reported [30]. In a
dose escalation study, patients received 6 treatments (two at each dosage
level of 1 mg/kg, 3 mg/kg and 6 mg/kg) of aducanumab combined with
FUS-BBBO, with barrier openings as large as 40 cm3 being investigated.
Amyloid beta in the brain was quantified periodically via 18F-florbetaben
PET imaging for each patient, in addition to longitudinal neurologic,
cognitive and behavioral assessments. Substantial reductions in Aβ were
observed in the FUS-treated region compared to homologous regions at
the 26-week timepoint, with treated regions seeing an average 32%
reduction in SUVR from the original assessment while untreated regions
stayed largely the same. This small proof-of-concept trial was not pow-
ered to detect clinical cognitive changes. No serious neurological adverse
events were observed during the 6-month treatment period.

Clinical Evaluations in Brain Tumors

While FUS was initially tested for ablation in brain tumors, the more
recent work has focused on FUS-BBBO to deliver agents of interest
(Table 2). The first reported clinical results of FUS-BBBO employed an
implantable device to bypass the skull. The prospective, open label,
single-center, single-arm phase 1/2a dose escalation study conducted at
the Assistance Publique – Hôpitaux de Paris (AP-HP) University Hospital
La Piti�e-Salpêtri�ere evaluated FUS-BBBO using an implantable 1.05 MHz
transducer through a pressure range of 0.5 MPa (which corresponded to
the FUS-BBBO threshold in rodent studies) up to 1.1 MPa for the delivery
of carboplatin to recurrent glioblastoma [42]. The 10 mm diameter
transducer was implanted within the skull bone over the tumor area as
visualized on MRI, either during debulking surgery or as a dedicated
procedure under local anesthesia. Monthly treatments were administered
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with a microbubble bolus at a total sonication treatment time of 150 s,
followed by carboplatin infusion no later than 60 min after FUS-BBBO.
BBBO was determined by MRI immediately following FUS treatment.
No BBBO was observed via gadolinium extravasation in patients exposed
to 0.5 and 0.65 MPa US (3 and 6 sonications respectively), but 8 of 11
sonications at 0.8 MPa resulted in BBBO, with increasing quality of
disruption occurring at 0.95 and 1.1 MPa (producing BBBO in 6 of 7
sonications and 14 of 14 sonications respectively). Notably, monthly
treatments were tolerated in all patients, and patients maintained speech
and movement capacity during and after the procedure when treating
language or motor areas. This investigation demonstrated higher
acoustic pressures were necessary to achieve FUS-BBBO in humans than
in rodent models. While not powered for efficacy, 9 patients who had
confirmed BBBO of grade 2 or higher showed no detectable tumor pro-
gression on MRI evaluation for the duration of the study.

A phase I clinical trial at the University of Maryland evaluated the
safety and feasibility of targeted FUS BBB opening in patients with low-
grade gliomas confirmed by the uptake of fluorescein, which was visu-
alized by direct observation during surgery and histology of the resected
specimen [72]. The trial included four subjects with a mean age of 32
years, good Karnofsky performance scores, and an intact neurological
status. In addition, all the tumors were in the frontal or temporal lobe.
Following the FUS BBB opening, all the patients underwent surgical
resection, and the surgical specimens were analyzed. The analyses
showed a 2.2-fold increase of fluorescein within the FUS-treated areas
compared to the untreated non-enhancing tumors (P < 0.01). No serious
side effects were observed postoperatively, and the median follow-up of
the patients was 15.7 months with no tumor recurrence [72]. A second
study conducted a prospective open-label, single-center, phase 1 pilot
study assessing the safety of targeted BBB opening in patients with
recurrent glioblastoma while using navigation-guided FUS. Seven days
after the FUS treatment, the patients underwent surgical resection of
their tumors. This study included six patients with a mean age of 49.5
years. Unlike the previous study, this trial observed thirty-six adverse
events, including two serious adverse events (hyponatremia and hyper-
natremia). However, the adverse events were not related to FUS-BBBO.
In all patients, BBB closure occurred safely and within 24 h of the
initial opening, with no immunological response noted [73].

At the University of Toronto, a phase I, single-arm, open-label design
clinical trial involving five patients with malignant high-grade glioma
tested the safety and ability to deliver chemotherapy after FUS-BBBO
[74]. One patient received intravenous doxorubicin, while the remain-
ing four patients received oral temozolomide one day prior to their sur-
gical resection. Following the procedure, there were no new clinical or
radiological adverse effects, such as hemorrhage or edema, indicating the
procedure to be safe. In addition, the BBB was opened in all five patients
and closed within 24 h. Compared to non-sonicated areas, there was a
15–50% increase in contrast enhancement in locations subjected to
FUS-BBBO. Another clinical trial, with four patients, studied the safety of
delivering trastuzumab in conjunction with FUS-BBBO in four patients
with Her2-positive breast cancer brain metastases. The results from the
trial indicated no adverse effects, including no changes in their cognitive
state as well as no hemorrhaging or edema. In addition, there was an
increase in drug delivery to the metastases by about 87% as measured by
SPECT imaging [75]. These observations indicate that FUS could
potentially be used in conjunction with chemotherapy to increase tar-
geted delivery to the tumors. However, further studies must be done to
study the long-term clinical effects of the FUS treatment [74]. Given this
initial success of FUS-BBBO in brain tumor patients, the upcoming trials
are expected to define pathways for future clinical translation.

In addition to using FUS-BBBO for enhanced therapeutic delivery,
another possibility gaining interest in the neuro-oncology space is the
ability to collect cell-free circulating DNA for ongoing tumor surveil-
lance. Proof-of-concept studies using FUS-BBBO to release DNA from
tumors demonstrated improved cancer detection in liquid biopsy in
preclinical models [76]. This possibility was tested in nine patients with



Table 2
BBB disruption in patients with brain tumors.

Author Name Trial Dates Target Ultrasound Equipment Volume of Tissue for BBB
Opening

Safety Results Other Pertinent Findings

Mainprize et al. [74] 2015 to 2017 High-grade gliomas in the
right frontal, right
temporal, and right
parieto-occipital

Low-intensity,
transcranial MRgFUS BBB

Each patient received
between 2 and 5 targets,
each with a volume of
about 486 mm3

No adverse events as a
result of the FUS
treatment. One patient
developed from surgical
resection. BBB opening
was successfully opened
and closed.

Chemotherapy delivery
was higher in areas
treated with FUS-BBBO,
compared to the non-
sonicated regions.

Anastasiadis et al. [72] Not provided in the
paper

Frontal and temporal lobe Transcranial MRI-guided
micro bubble FUS

Tumors had a mean
volume of 18.2 cm3,
while the average
treatment volume for the
first three patients was
0.57 cm3, and for the
fourth patient was 10.08
cm3

BBB was opened safely in
the target location
without opening other
regions of the BBB. There
were no hemorrhages or
tissue damage. No gliosis
was observed fifteen days
post-treatment.

FUS-BBBO can be used to
improve the delivery of
drugs into gliomas.

Chen et al. [73] Not provided in the
paper

Four patients had frontal
lobe tumors, one had a
temporo-insular tumor,
and the sixth had an
occipital lobe tumor.

NaviFUS with 500 kHz 3 � 3 mm targets, 5 mm
part with a SonoVue
dosage of 4.8 mL.

36 adverse events
occurred within one-
month post-treatment.
There were no deaths,
swelling, hemorrhaging,
or neurological changes
in any of the patients.

Deviation from the target
location was less than 3
mm for each patient, and
live MRI guidance was
not used during this
procedure. Higher
cavitation dosage
resulted in larger BBB
opening at the target
location.

Meng et al. [75] Not provided in the
paper

4 patients with Her2þ
breast cancer, 1–3
infratentorial or
supratentorial lesions
each

Insightec ExAblate neuro
220 kHz

Mean sonication volume
was 27 cm3

Well tolerated with no
serious adverse events.
Three grade 1 adverse
events were attributable
to frame placement and
positioning.

Trastuzumab delivery
with longitudinal
monitoring

Carpentier et al. [42] July 2014 to January
2016

Various, infiltrated brain
and intratumoral

CarThera SonoCloud
implantable 1.05 MHz

~5 cm3 region in the
beam path of the device

No serious adverse events
reported.

Threshold pressure for
BBBO identified in
humans
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glioblastoma who underwent FUS-BBBO resulting in 38 procedures at an
average total target volume of 7.8 cm3. There were no adverse events
recorded, and there was a significant increase in the quantity of circu-
lating cell free DNA after FUS-BBBO compared to without [77].

Additional Applications for FUS Opening of BBB

The utility of FUS-BBBO as a non-invasive therapeutic delivery
strategy have led to interest in treating a wide range of neurological
disorders. While Alzheimer's disease and cancer therapy are to date the
most clinically investigated applications, FUS-BBBO trials for other in-
dications are increasing (Table 3).

In addition to AD, Gasca-Salas et al. conducted a prospective, single-
arm, non-randomized proof of concept phase 1 clinical trial, assessing the
safety and feasibility of FUS-BBBO in patients with Parkinson's disease
dementia [56]. Five patients were recruited from October 2018 to May
2019. The patients received two treatment sessions at 2–3 weeks in-
tervals. The BBB opening was targeted at the parietal-occipital-temporal
junction and determined to be successful in 8 out of 10 treatments. There
were no serious side effects during the procedures. Post-procedure sus-
ceptibility-weighted angiography (SWAN) images showed round SWAN
hypodensities in three patients, typically interpreted to represent pete-
chial hemorrhage. These hypodensities persisted for two months with an
initial indication of long-lasting hypodensities in subjects receiving
higher cavitation doses. Of note, the patients showed improvement in
several cognitive tests, but these results should be regarded with caution
since no statistical testing of the cognitive scores were reported, the
number of patients was small, the changes were not uniform, and the
study did not have a control group [56]. An open label phase I clinical
trial delivered glucocerebrosidase intravenously and in escalating doses,
along with FUS-BBBO in four patients with Parkinson's Disease associ-
ated with mutations of GB-1 gene. The procedure occurred every two
weeks, for two consecutive cycles. In all the patients, BBB was success-
fully opened to deliver the deficient enzyme with no serious adverse
effects. Mild to moderate adverse events were reported, including two
patients who did develop short-lasting dyskinesia after FUS-BBBO [78].
The safety of FUS-BBBO was recently evaluated in patients with amyo-
trophic lateral sclerosis (ALS). Abrahao et. determined the accuracy and
targeted drug delivery to the primary motor cortex. BBBO was successful
in each of the four patients, as evidenced by gadolinium leakage at the
target site immediately after FUS treatment. The leakage normalized
within 24 h for all the patients, and there were no serious adverse effects.
The integrity of the BBB restored successfully in all of the patients, which
indicated that BBB opening was safe and reversible in patients with ALS
[79].

Focused ultrasound ablation been assessed for safety and efficacy in
epilepsy therapy [10], and although clinical studies specifically using
FUS-BBBO for epilepsy have yet to be conducted, it is an area of devel-
oping interest [80]. Zhang et al. used Precise Intracerebral Non-invasive
Guided Surgery (PING) to treat spontaneous recurrent seizures induced
by pilocarpine in rats. This technique used MRI-guided FUS and intra-
venous microbubbles for targeted and reversible BBBO, to deliver a
systemically administered neurotoxin (Quinolinic Acid) to select brain
regions. By crossing BBB, the quinolinic acid focally destroyed the neu-
rons involved in epilepsy in the targeted area. The animals treated with
PING in the intermediate aspect of the hippocampus had a significant
decrease in seizure activity. In contrast, when the area of treatment was
extended to include the septal hippocampus, the animals developed
status epilepticus post procedure [81].

FUS-BBBO presents an exciting opportunity to enhance access of
neurotherapeutics into the brain parenchyma. Current efforts are focused
on optimizing its technique while simultaneously testing the potential
paths for clinical translation. Given the promising initial results, we
expect FUS to be a major enabling technology in solving long-standing
limitations to the safe and efficient delivery of neurotherapeutics to the
brain.
7
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