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Abstract: This review discusses the current progress in the clinical use of magnetic resonance-
guided focused ultrasound (MRgFUS) and other ultrasound platforms to transiently permeabilize
the blood-brain barrier (BBB) for drug delivery in neurological disorders and neuro-oncology. Safety
trials in humans have followed on from extensive pre-clinical studies, demonstrating a reassuring
safety profile and paving the way for numerous translational clinical trials in Alzheimer’s disease,
Parkinson’s disease, and primary and metastatic brain tumors. Future directions include improving
ultrasound delivery devices, exploring alternative delivery approaches such as nanodroplets, and
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p expanding the application to other neurological conditions.
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1. Introduction

The blood-brain barrier (BBB) is a semi-permeable barrier between blood vessels and
the brain parenchyma, comprising tight junctions between endothelial cells and efflux
transporters which actively remove substances from the central nervous system. Ions
and small lipid-soluble molecules that are less than 400 Daltons (Da) are often able to
pass through the BBB, but larger molecules are unable to gain entry [1]. While essential
for maintaining CNS composition and an immune-privileged environment, the BBB also
hinders potentially transformative therapies from reaching their intended targets in the
brain [2,3].

Numerous strategies for BBB permeabilization are under investigation. Broadly, these
strategies can be categorized as transcellular and paracellular [4]. In transcellular ap-
proaches, molecules can be made more lipophilic to promote passage across the BBB, or

Copyright: © 2024 by the authors.

i i carrier-mediated transport can be enhanced to bypass the BBB altogether [5]. Transcellular
Licensee MDPI, Basel, Switzerland.

approaches can be limited by pharmaceutical agents compatible with these types of ma-
nipulation. Paracellular methods involve the disruption of tight junctions, and this can
be performed through chemical or physical means. Chemical paracellular mechanisms of
BBB permeabilization often rely on vasoactive agents, hyperosmolar compounds (such as
mannitol), or antibodies to the claudin family of proteins (integral to the function of tight
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junctions). Chemical paracellular techniques are promising but often suffer from issues
with not being targetable and having off-target effects [4].

Paracellular physical mechanisms of BBB permeabilization are gaining traction. In
particular, the use of low-intensity ultrasound, combined with the intravenous injection of
microbubbles, has emerged as a safe, reproducible, and targeted method for transiently
permeabilizing the BBB conformally in a variety of brain structures. Ultrasound-mediated
BBB opening has been performed safely across a wide range of pre-clinical models [6],
which has led to reassuring safety trials in humans [7]. Figure 1A illustrates three common
devices in use today for ultrasound-mediated BBB opening.

The most common use of ultrasound-mediated BBB permeabilization in human clinical
trials is magnetic resonance-guided focused ultrasound (MRgFUS). MRgFUS involves a
helmet lined with a phased array of focused ultrasound (FUS) transducers, which is used
within an MRI under real-time imaging guidance. Conveniently, the MRI can then also be
used to monitor gadolinium extravasation as a marker for successful BBB opening. When
performed at high intensities, MRgFUS can create thermo-ablative lesions, which is useful
in the treatment of some movement disorders such as tremors, and psychiatric diseases
such as obsessive-compulsive disorder, amongst other expanding indications [8,9]. Low
intensity ultrasound (for BBB permeabilization) uses approximately 0.01% of the energy
required for ablation [10]. When performed without microbubble injection, MRgFUS has
also demonstrated utility for the purposes of neuromodulation [11].

AonoCloud

S ’ Drug Astrocytic Pericyte
— - endfoot
\// \\ Capillary Expanding Contracting
wall microbubble microbubble

Figure 1. Ultrasound-mediated drug delivery systems and mechanisms. (A) Three systems in use are
illustrated. The ExAblate system utilizes a helmet lined with a phased array of ultrasound transducers
separated from the scalp by cooled degassed water and operated within an MRI. The SonoCloud is
an implanted device placed through a burr hole in the skull either at the time of a tumour resection
surgery, or with an independently planned procedure. It is powered through a transdermal needle
connected to an external power supply for each treatment. NaviFUS is a multi-channel array, like the
ExAblate system, but utilizes a smaller surface area and is not performed within an MRI. (B) When
microbubbles pass through sonicated tissue, they undergo cavitation, causing mechanical forces on
the capillary wall, astrocytic endfeet, and pericytes, causing the temporary opening of the blood-brain
barrier, allowing larger molecules to pass through into the parenchyma. This figure was adapted
with permission from Figures 2 and 3 in Meng et al. (2021) [11].

Another use of ultrasound-mediated BBB permeabilization is through the use of an
implantable device. The SonoCloud is implanted in a 3 cm burr hole, either at the time
of another planned surgery (i.e., resection of a tumor) or through a separate surgery. The
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device is powered through a transdermal needle at the time of each treatment. While
this method lacks the spatial targeting offered by MRgFUS, it may be advantageous for
instances where numerous treatments are required.

Following BBB opening, systemic drug administration can lead to spatially and tem-
porally targeted passage of molecules into the CNS, ranging from small molecules to large
monoclonal antibodies or even neural stem cells [12]. This approach is gaining traction
with human studies in several conditions, including Alzheimer’s disease (AD), Parkinson’s
disease (PD), and primary/secondary brain tumors [13,14]. This mini-review will outline
the use of ultrasound-mediated BBB permeabilization in human clinical trials.

2. Mechanism of Ultrasonic BBB Opening

Microbubbles are small spheres filled with a high molecular weight gas and lined
with a thin microsphere shell, which are then injected peripherally into the bloodstream.
Originally developed as a contrast agent for diagnostic cardiac ultrasound, microbubble
injection has been repurposed for BBB opening with ultrasound [15]. As the microbubbles
pass through a region of ultrasound sonication, as defined conformally with a high degree
of accuracy on patient-specific brain MRlIs, they undergo oscillations that cause a transient
disruption in the BBB (Figure 1B). The extent of BBB disruption is related to acoustic
pressure, sonication duration, and the size of microbubbles [16,17]. While these oscillation-
related forces open the BBB, if too great, they can lead to hemorrhage. Oscillations induce
stretching, acoustic streaming, and shear forces on the vasculature, which can affect the
permeability of tight junctions and the function of efflux transporter proteins [18,19]. There
are several varieties of microbubbles available on the market, and an ideal agent is one
which induces stable cavitation, decreases the nearby production of P-glycoprotein, and
results in the formation of caveolae (invaginations in the plasma membrane) [20,21]. A
study comparing three commercially available types of microbubbles found all three to
perform equivalently in terms of degree and persistence of BBB permeabilization [22];
based on the size and half-life of the microbubble, ultrasound parameters (power and
duration) can be varied slightly to optimize MB performance [22].

Early pre-clinical studies were vital in determining a safe range of parameters for FUS.
They showed that using lower frequency and peak pressures is consistently safe, creating
harmonic bubble oscillations rather than bubble collapse, thereby not damaging blood
vessels, neurons, or glia [23]. A mechanical index (MI) was described, calculated as the peak
negative pressure (estimated in situ) divided by the square root of the ultrasound frequency;
an MI < 0.45 has consistently demonstrated safe outcomes without hemorrhage [24].

BBB permeabilization is a dynamic process, occurring almost immediately following
the ultrasound sonication of microbubbles, with confirmation of closure via histology
and non-invasive imaging like MRI at approximately 3-24 h [7,25,26]. A T1 MRI with
gadolinium infusion is the most commonly used method for demonstrating opening and,
later, the restoration of the BBB. While initial human trials sonicated a relatively small
volume of tissue (1 cm?) in a single treatment, more recently, it has been shown to be safe to
sonicate larger volumes (up to 40 cm?) with repeated treatments [27] (even larger volumes
have been sonicated in non-human primates [28]).

Alternative approaches using ultrasound to enhance drug delivery are also under
active investigation. For example, nanodroplets, which have a longer half-life than mi-
crobubbles, can be loaded with a therapeutic agent, administered systemically, and when
passing through a focal area of sonication, will vaporize, leading to the local delivery of the
drug [29]. This technique has been used to deliver phenobarbital to the amygdala for the
treatment of agitation in an AD mouse model [30]. Recently, an innovative technique was
reported in which rodents were administered a piezoelectric nanogenerator, which embeds
into neuronal membranes and, when sonicated with FUS, stimulates tyrosine hydroxylase
activity, thus boosting dopamine production in striatal neurons [31]. While the nanodroplet
and nanogenerator fields may soon bring revolutionary developments, the reassuring
safety and reliability data supporting transcranial and implantable FUS devices for BBB
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opening has enabled numerous translational human clinical trials to be completed, with
many more ongoing.

3. Alzheimer’s Disease

AD is a progressive neurodegenerative condition that is the most common cause of
dementia. AD etiology is closely tied to the accumulation of toxic extracellular amyloid-beta
(AB) plaques, intracellular neurofibrillary tangles of tau-protein, neuronal loss (particularly
along the circuit of Papez), and dysfunction of the default mode network [32-35]. Af3
plaques occur at an increased rate throughout the brain of individuals with AD, and they
accumulate at sites of vulnerability along nodes of the default mode network (DMN); this
Ap accumulation along the DMN scales with cognitive decline [36,37]. There is substantial
interest in utilizing targeted pharmacotherapies for A3, such as monoclonal antibodies like
aducanumab and lecanemab, to clear A3 plaques from the CNS [38]. The FDA approved
aducanumab on the basis of Af3 clearance alone in 2021 [39], followed by approval of
lecanemab in 2023, after a randomized controlled trial suggested both A3 clearance and
modest mitigation of cognitive decline [40]. Despite a half-life of 15-20 days, only 0.01% of
Ap immunoglobins cross the BBB [41]. As most targeted therapies involve large molecules
normally filtered by the BBB, there is a strong rationale for delivery using ultrasound (see
Table 1) [42].

Table 1. FUS-mediated BBB-opening in Alzheimer disease.

Condition, . 1.
Study Subjects Device, Treatments, Parameters, Targets Findings
MRI-gad confirmed BBB opening, closed at
24 h.
ExAblate helmet array + MB injections No SAEs, 1 patient with transient
. 2 treatments, 1 month apart neuropsychiatric symptoms
Lip ;g;agn[;]t al., 6 sj‘:)?ec ts 220 KHz, Power = 50% of cavitation 2 patients with transient gradient echo
) threshold—average of 4.5 W changes, nearly resolved by 24 h—possible
Right frontal lobe (DLPFC), 1 cm? microhemorrhages
No significant change in amyloid at
target (PET)
No adverse events
ExAblate helmet array + MB infusion }f\/IRI_,ZOJZd Cor'lflrmed BBB opening in 96% of
Park et al., AD 2 treatments, 3 months apart 1a€1)‘0g/ere; d;i%ilc?;lin PET-measured amvloid in
2021 [43] 6 subjects 220 KHz, 8-40 W, targeting cavitation of 0.4-0.65 y
Bilateral frontal lobes, 21 cm? frontal lobes
! Stable MMSE scores, transient improvement
in neuropsychiatric symptoms
1 patient withdrawn due to a thick
SonoCloud implantable device + MB injections §calp—unable FO activate the
7 treatments, every 2 weeks implanted device.
Epelbaum AD 1 MHz. 0 9_1’ 03 MPa 1 hemorrhage remote from the implanted
etal., 2022 [44] 10 subjects S device, causing acute delirium.

Implanted overtop the left supramarginal gyrus,
explanted after 9 months

Treatments lasted 4.5 min
Possible reduction in amyloid around
implant (non-significant)
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Table 1. Cont.

Study Csol;ll;i].l:‘l:t):’ Device, Treatments, Parameters, Targets Findings
Successful BBB opening and no SAEs.
. . 2 patients had acute confusion, lasting a
g?ﬁ:iﬁi&esh;izgya;x]s infusion week in one patient (P9), who was excluded
220 KHz, Power = 50% of cavitation threshold from .further. prc.)cedure.s. .
Meng et al., AD . -y 2 patients with immediate gradient echo
- Targeting the DMN: bilateral precuneus and .
2023 [27] 9 subjects . . . . changes, resolved the following day
ACC, and bilateral or unilateral hippocampi Small but sienificant reduction in
(started unilateral, advanced to bilateral after & 1 .
safe in first patients); 9 cm? PET-measured beta amyloid in sonicated
! right parahippocampal/inferior
temporal region.
No SAEs
Rezai et al ExAblate helmet array + MB injections/infusion ;Izlipocampal edema in 1 patient, resolved at
2022 [45] AD gztgelflt_ln;ents, 2 weeks apart MRI-Gad showed immediate BBB opening in
(longterm data 10 subjects  Initially unilateral hippocampus/EC, 2-5 cm? 82% of targeted brain volume, complete
from Rezai ) y Pp P ’ / closure within 2448 h.

et al., 2020 [46])

increased to include frontal and parietal targets
(up to 30 cm?) in final patients

ADAS-Cog/MMSE showed cognition stable
at 6 months, mild (expected) decline at
12 months.

AD
3 subjects

Rezai et al.,
2024 [47]

ExAblate helmet array + MB infusions

6 monthly treatments paired with aducanumab
infusion 2 h prior

220 kHz

Patient 1: right frontal lobe (10 mL), patient 2:
left frontal / parietal lobe (20 mL),

patient 3: left frontal/parietal / temporal lobes &

Cognitive worsening in patient 3 a 30 days,
not associated with changes in activities of
daily living

Significant reduction PET-measured amyloid
in targeted regions, compared to baseline
and untreated contralateral regions

hippocampus (40 mL).

ACC: anterior cingulate cortex; ADAS-Cog: Alzheimer disease assessment scale-cognitive subscale; DLPFC:
Dorsolateral prefrontal cortex; DMN: Default mode network; EC: entorhinal cortex; MB: microbubble; MHz:
Megahertz; MMSE: Mini-mental state examination; MPa: Megapascal; PET: positron emission tomography; SAE:
serious adverse event; W: watts.

A 2018 report described the first use of MRgFUS to safely open the BBB in five patients
with AD [7]. With the primary goal of demonstrating safety, the BBB was opened in a small
volume (approximately 9 x 9 X 9 mm) twice, each 1 month apart [7]. A T1 gadolinium-
enhanced MRI demonstrated that BBB opening was transient, closing within 24 h [7].
Other studies then demonstrated the safety of opening the BBB in a larger volume and
alternative anatomical targets [43,46]. Recently, MRgFUS-mediated BBB opening was
carried out at multiple large-volume nodes of the DMN, such as the bilateral hippocampi
and precuneus [27], setting the stage for drug delivery to these and other sites.

Based on pre-clinical studies in which FUS BBB opening resulted in a 5-8 fold increase
in CNS penetration of aducanumab [48,49], a recent first-in-human trial was published us-
ing MRgFUS to enhance aducanumab delivery in three patients with AD [47]. Six monthly
MRgFUS-mediated BBB treatments were paired with increasing doses of intravenous ad-
ucanumab infusion. The targeting approach was escalated between patients, sonicating
10 mL in the non-dominant frontal lobe of patient 1 and sonicating 40 mL in the dominant
frontal/temporal/hippocampus regions of patient 3. Using contralateral, homologous,
untreated brain regions as a control for each patient, marked reductions in A were ap-
preciated on florine-18 florbetaben positron emission tomography (PET) [47]. Patient 3
experienced cognitive deterioration noted at the 30-day follow-up timepoint, the inter-
pretation of which illustrates the difficulty in the AD field of distinguishing expected
clinical deterioration from treatment-related adverse effects. This is further challenged by
remaining uncertainties, regarding whether reductions in Ap will translate into improved
cognition [50].



Pharmaceutics 2024, 16, 719

6 of 13

4. Neuro-Oncology

Improvements in outcomes in neuro-oncology have lagged behind other fields of
oncology, due in part to the BBB blocking access of targeted chemotherapeutics to the
CNS [51]. Neuro-oncology is one of the most active aspects of research in ultrasound-
mediated BBB disruption. Here, we provide a limited overview of the recent studies and
future directions in neuro-oncology (see Table 2).

Table 2. FUS-mediated BBB-opening in neuro-oncology.

Condition, . .
Study Subjects Device, Treatments, Parameters, Targets Findings
ExAblate helmet array + MB injections MRI-Gad BBB opening in peri-tumour
Mainprize et al., GBM 1 treatment prior to resection tissue immediately following sonication.
2019 [52] 5 subjects 220 KHz, 50% of cavitation threshold Increased chemotherapy concentration in
9 x 9 x 6 mm?3 at the tumour periphery sonicated tumour in 2 patients
BBB opening occurred in 52/65 sonications
(improved with increased
Idbaih et al., 2019 SonoCloud1 implantable device + MB acoustic pressure)
[53] (longterm data  Recurrent GBM injections, followed by IV carboplatin 2 patients experienced post-sonciation
from Carpentier 19 subjects Mean of 3 treatments, separated by 4 weeks edema, responsive to steroids
et al., 2016 [54]) 1 MHz, 0.41-1.15 MPa (dose escalation) Authors suggest patients with grade 2/3
BBB opening trended towards longer PFS
and OS
ExAblate helmet array + MB injection,
S A No SAEs
Infiltrating followed by fluorescein injection and . .
.. . . . MRI-Gad, and intraoperative
Anastasiadis etal.,  glioma (WHO  surgical resection. visualization /histopathology of
2021 [55] grade2and 3) 230 KHz, Power = 50% of cavitation e o BB
4 subjects threshold (ranging from a mean of 3-26 W). opening in tareeted regions
0.5 cm? in subjects 1-3, 10 cm? in subject 4. p & g &
Possible to target entire tumour volumes,
Her2+ breast ~ ExAblate helmet array + MB infusion E‘(C)hslilgsg lesions in the posterior fossa
Meng et al., metastases to 220 KHz, mean power of 13 W . . .
. . Trastuzumab delivery confirmed with
2021 [14] brain Entire tumour volumes targeted, mean SPECT-imaein
4 subjects volume of 27 cm3 sms

Reduction in tumour volume in all
4 patients.

Newly resected
recurrent GBM
17 subjects

Sonabend et al.,
2023 [56]

SonoCloud9 implantable

device + MB injection

Up to 6 treatments (median 3) immediately
followed with IV paclitaxel administration,
dose escalation.

Borders of resection cavity, mean volume of
12.6 mL

No SAEs

Effective BBB opening, with restoration
occurring as early as 1 h.

Sonications resulted in transient neurologic
deficits (paresthesias, aphasia) related to
brain structures adjacent to

sonication fields.

2 patients developed reversible
encephalopathy at higher paclitaxel dosing

BBB: blood brain barrier; GBM: Glioblastoma multiforme; IV: intravenous; OS: overall survival; PFS: progression-
free survival; SPECT: Single-photon emission computed tomography; WHO: world health organization.

Although the blood-tumor barrier of CNS tumors is altered, larger molecule chemother-
apeutics continue to have limited penetration [57,58]. Pre-clinical studies have demon-
strated the feasibility, safety, and anti-tumoral effects of FUS-mediated BBB opening when
paired with chemotherapies [59]. FUS has been used to enhance the delivery of relatively
small molecules, ranging from 150 Da to 1 kDa, such as carmustine (BCNU) [60], etopo-
side [61], cisplatin [62], irinotecan [63], carboplatin [59], and doxorubicin [64,65]. Even if a
substance is able to cross the BBB under normal circumstances (such as BCNU), issues with
the half-life and systemic toxicity strengthen the rationale for enhanced targeted delivery.
With similar success, larger molecules, ranging from 70 to 150 kDa have been delivered
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with the help of FUS [64], such as trastuzumab [66], pertuzumab [67], adeno-associated
virus [68], IL-12 [69], and a radio-labeled form of bevacizumab [70].

The first-in-human study using MRgFUS, demonstrated the safety of BBB-opening
in peri-tumoral tissue in five patients with high-grade gliomas [52]. Participants then
underwent surgical resection, and in two patients, pathology specimens were collected
of sonicated and non-sonicated tissues. The chemotherapy concentration appeared to be
increased in the sonicated area in two patients, however, the overall low drug levels limited
the interpretation of this result [52]. This study demonstrated the safety and feasibility
of incorporating a BBB-opening procedure into the care of patients with aggressive brain
tumors, paving the way for several now-completed and other ongoing trials in this field.

Another study of MRgFUS-mediated BBB opening demonstrated enhanced penetra-
tion of fluorescein, which was infused shortly after the FUS procedure, with both visual
and biochemical confirmation [55]. A multi-center trial further examining the safety and
effect of MRgFUS-mediated BBB opening, combined with maintenance temozolomide
therapy in patients with newly diagnosed glioblastoma multiforme, has been concluded
with results pending publication (NCT03616860, www.clinicaltrials.gov, accessed 1 March
2024). Accumulating experience with this technology within studies that also incorporate
longer follow-ups will help understand whether MRgFUS impacts the progression-free
survival or overall survival of high-grade glioma patients.

In a study of four patients with progressive Her2-positive breast cancer metastases,
MRgFUS-mediated BBB opening of the tumor and its periphery was paired with the admin-
istration of Indium-111-radiolabeled trastuzumab [14]. Single-photon emission computed
tomography (SPECT) demonstrated significantly enhanced chemotherapy delivery to the
lesion, which was associated with stable or reduced tumor volume during the study [14].
This study also included unique target locations within the posterior fossa, which were
targeted safely and effectively [14]. Building on these experiences, a multi-center study
to examine the safety of the procedure in patients with diffuse midline glioma is cur-
rently underway (NCT05615623). An ongoing multicenter study is looking to compare
the MRgFUS-enhanced delivery of pembrolizumab, an immune checkpoint inhibitor, to
non-enhanced delivery in patients with non-small cell lung cancer with brain metastases
(NCT05317858) [21].

Data from the fluorescein and radiolabeling studies provided important data on the
pharmacokinetics of drug delivery using MRgFUS. Unfortunately, the knowledge gaps
in the pharmacokinetic profile remain a difficult hurdle in incorporating MRgFUS into
standard lines of oncologic treatment. Fluid biomarkers and advanced imaging offer less
invasive ways of gathering this type of data. Window of opportunity studies also play an
important role in this respect [71].

5. Parkinson’s Disease

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder,
affecting 1% of those over age 60 [72]. The primary motor symptoms of PD are attributed
to dopaminergic neuronal loss in the substantia nigra pars compacta associated with
Lewy pathology, leading to a shortage of dopamine in the striatum [73]. The etiology
of PD remains an area of investigation, but increasingly, it appears to be an interaction
between lifestyle, environment, and genetics [74]. While aging is the primary risk factor for
PD [75], other risk factors have been identified, such as exposure to toxins like rotenone and
paraquat [76] or gene mutations including, but not limited to, mutations in the GBA1 [77,78]
or LRRK2 gene [79]. As with AD and neuro-oncology, potential therapies for PD have
been limited by the BBB, prompting considerable interest in the FUS-enhanced delivery
of agents such as alpha-synuclein targeted therapies or neurotrophic factors to mitigate
neuronal loss within the basal ganglia [80].

In pre-clinical models, numerous studies have demonstrated that the BBB can be
opened safely in the putamen [81]. When paired with the administration of an alpha-
synuclein silencing viral vector or neurotrophic factors, it can attenuate nigrostriatal neu-
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ronal loss in MPTP or transgenic mice [82,83]. A recent article describes MRgFUS-mediated
BBB opening paired with systemic administration of an adeno-associated virus (AAV)
vector, eliciting novel protein expression in the putamen and substantia nigra, highlighting
a promising avenue for viral-vector protein expression modulation in patients with PD [28].
However, significant challenges remain with this approach. The cost of systemic delivery
of an AAV at sufficient titers to achieve transduction in humans, as well as risks associated
with systemic exposure, even with the enhanced BBB opening, will require further investi-
gation. Certainly, advances in AAV serotypes that are neuron-selective and have limited
systemic uptake may provide a path forward to allow for more practical combinations of
gene therapy technology with MRgFUS [84].

In humans with PD, MRgFUS-mediated BBB opening in the putamen has been shown
to be well tolerated with repeat treatments, and there is some early experience with bi-
lateral and repeat treatments (see Table 3) [13,85]. In PD, the putamen is known to be
exquisitely sensitive to physical insult [86], and thus far, MRgFUS-mediated BBB opening
does not appear to worsen dopaminergic denervation-based radiographic measures, al-
though the existing data are still limited [85], further investigation is needed to understand
the thresholds.

Table 3. FUS-mediated BBB-opening in Parkinson’s disease.

Condition, . e e
Study Subjects Device, Treatments, Parameters, Targets Findings
66% of the putamen (unilateral)
ExAblate helmet array + MB infusion No SAEs
3 treatments paired with infusion of GCase, 2 patients developed transient contralateral
PD, GBA1 L
Meng et al., mutation separated by 2 weeks dyskinesias.
2022 [13] 4 subiects 220 KHz, mean of 6 W 1 transient microhemorrhage detected on
) Mean target of 3.4 cm3, covering 66% of the ~ T2* and resolved on the following scan
unilateral putamen Reduction in putaminal hypermetabolism
on PET
No SAEs
ExAblate helmet array + MB injections 2 subjects with transient vasogenic edema
2 treatments, separated by 2—4 weeks. at target . . .
Pineda-Pardo et al., PD 220 KHz, <15 W 5/7 had persistent SWI hypointensities,
. . . . thought to be microhemorrhages
2022 [85] 7 subjects Posterior putamen (unilateral in 1st
. . Stable UPDRS scores
treatment, 3 patients treated bilaterally . . .
in 2nd) PET imaging revealed stable dopamine
synthesis capacity, and local clearance
of amyloid.

GCase: Glucocerebrocidase; PD: Parkinson’s disease; PET: positron emission tomography; SAE: serious adverse
events; UPDRS: Unified Parkinson’s Disease Rating Scale; W: Watts.

The first use of MRgFUS-mediated BBB opening paired with drug delivery in hu-
mans with PD was recently described in PD patients with GBA1 mutations (Gaucher’s
disease) [13]. GBAI encodes for the enzyme glucocerebroside (GCase), and pre-clinical
work suggests that the deficiency or reduced activity of GCase can lead to the accumula-
tion of alpha-synuclein and reversal of this may reduce dopamine neuron cell loss [87,88].
Intravenously administered recombinant GCase is a safe and effective therapy in patients
with PD in the context of GBAI mutation, but its BBB penetration is poor [89].

Therefore, a study was undertaken to test the safety of combining MRgFUS-mediated
BBB opening concurrently with intravenous GCase administration in GBAI-related PD [13,90].
In all four patients, a total of three MRgFUS-mediated BBB opening procedures were
performed with an increasing dose of GCase administered with each treatment, spaced
by two weeks between treatments. A gadolinium-enhanced MRI demonstrated successful
BBB opening unilaterally in the putamen without serious adverse effects [13]. Two pa-
tients experienced a transient increase in dyskinesia, which was theorized to be related to
increased levodopa exposure due to BBB permeabilization [13]. Positron emission tomog-
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raphy demonstrated reduced putamenal metabolism at 1 month, which has been shown
to correlate with treatment efficacy in other studies [91]. While this was a small phase
1 trial, it has charted a way forward for targeted delivery of GCase or other molecules
(such as neurotrophins or monoclonal antibodies) in the treatment of movement disorders.
Future studies will continue to better understand the safety profile of MRgFUS in patients
with Parkinson’s disease and the pharmacodynamics of GCase in the brain once delivered
via ultrasound.

6. Future Directions

In the near future, interest in the use of MRgFUS-mediated BBB opening with drug
delivery will continue to increase in AD, PD, neuro-oncology, and numerous other indica-
tions. With increased cohort sizes, the biological effect of drugs in the brain being delivered
in this fashion will be better understood, allowing for optimized peri-procedural dosing
and timing of re-treatment(s). Depending on the indication, randomized controlled trials
may allow for better estimates of efficacy. Improvements in the MRgFUS device itself are
also expected to yield advancements in the field. Frameless technologies and workflows
that require only a minimal haircut are already in early use.

7. Conclusions

After extensive pre-clinical development, low-intensity MRgFUS microbubble soni-
cation has emerged as a safe and feasible method of BBB opening in humans. MRgFUS-
mediated BBB disruption, paired with systemic drug administration, allows for a drug
previously unable to freely bypass the BBB to pass into the targeted region over the ensuing
hours. This method has now been applied in human trials in pathologies including AD,
Parkinson’s disease, and primary and metastatic cancers. The future of MRgFUS-mediated
BBB opening for drug delivery will include a less invasive treatment interface and more
seamless workflows to allow for better incorporation with standard treatment paradigms.

Author Contributions: Y.M. made significant contributions to conceptualization, data curation,
methodology, writing (original draft), and writing (review/editing). L.V.K. made significant con-
tributions to conceptualization, data curation, methodology, writing (original draft), and writing
(review /editing). S.K.K. made significant contributions to conceptualization, data curation, method-
ology, writing (original draft), and writing (review /editing). C.H. made significant contributions to
conceptualization, data curation, methodology, writing (original draft), and writing (review /editing).
Y.H. made significant contributions to conceptualization, data curation, methodology, writing (origi-
nal draft), and writing (review/editing). K.H. made significant contributions to conceptualization,
data curation, methodology, writing (original draft), and writing (review /editing). N.L. made signif-
icant contributions to conceptualization, data curation, methodology, writing (original draft), and
writing (review/editing). B.D. made significant contributions to conceptualization, data curation,
methodology, writing (original draft), and writing (review/editing). All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Pardridge, W.M. The blood-brain barrier: Bottleneck in brain drug development. NeuroRx 2005, 2, 3-14. [CrossRef] [PubMed]

2. Daneman, R; Prat, A. The blood-brain barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef] [PubMed]

3. Akhtar, A.; Andleeb, A.; Waris, T.S.; Bazzar, M.; Moradi, A.R.; Awan, N.R,; Yar, M. Neurodegenerative diseases and effective drug
delivery: A review of challenges and novel therapeutics. . Control. Release 2021, 330, 1152-1167. [CrossRef] [PubMed]

4. Stamp, M.E.M.; Halwes, M.; Nisbet, D.; Collins, D.J. Breaking barriers: Exploring mechanisms behind opening the blood-brain
barrier. Fluids Barriers CNS 2023, 20, 87. [CrossRef] [PubMed]


https://doi.org/10.1602/neurorx.2.1.3
https://www.ncbi.nlm.nih.gov/pubmed/15717053
https://doi.org/10.1101/cshperspect.a020412
https://www.ncbi.nlm.nih.gov/pubmed/25561720
https://doi.org/10.1016/j.jconrel.2020.11.021
https://www.ncbi.nlm.nih.gov/pubmed/33197487
https://doi.org/10.1186/s12987-023-00489-2
https://www.ncbi.nlm.nih.gov/pubmed/38017530

Pharmaceutics 2024, 16, 719 10 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Wang, D.; Wang, C.; Wang, L.; Chen, Y. A comprehensive review in improving delivery of small-molecule chemotherapeutic
agents overcoming the blood-brain/brain tumor barriers for glioblastoma treatment. Drug Deliv. 2019, 26, 551-565. [CrossRef]
[PubMed]

Meng, Y.; Pople, C.B.; Lea-Banks, H.; Abrahao, A.; Davidson, B.; Suppiah, S.; Vecchio, L.M.; Samuel, N.; Mahmud, F.; Hynynen,
K.; et al. Safety and efficacy of focused ultrasound induced blood-brain barrier opening, an integrative review of animal and
human studies. ]. Control. Release 2019, 309, 25-36. [CrossRef] [PubMed]

Lipsman, N.; Meng, Y.; Bethune, A.J.; Huang, Y.; Lam, B.; Masellis, M.; Herrmann, N.; Heyn, C.; Aubert, I.; Boutet, A.; et al.
Blood-brain barrier opening in Alzheimer’s disease using MR-guided focused ultrasound. Nat. Commun. 2018, 9, 2336. [CrossRef]
[PubMed]

Meng, Y.; Huang, Y.; Solomon, B.; Hynynen, K.; Scantlebury, N.; Schwartz, M.L.; Lipsman, N. MRI-guided Focused Ultrasound
Thalamotomy for Patients with Medically-refractory Essential Tremor. J. Vis. Exp. 2017, 130, 56365. [CrossRef]

Davidson, B.; Hamani, C.; Rabin, ].S.; Goubran, M.; Meng, Y.; Huang, Y.; Baskaran, A.; Sharma, S.; Ozzoude, M.; Richter, M.A ;
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 2020, 25, 1946-1957. [CrossRef]
Hynynen, K.; McDannold, N.; Vykhodtseva, N.; Jolesz, F.A. Noninvasive MR imaging-guided focal opening of the blood-brain
barrier in rabbits. Radiology 2001, 220, 640-646. [CrossRef]

Meng, Y.; Hynynen, K.; Lipsman, N. Applications of focused ultrasound in the brain: From thermoablation to drug delivery. Nat.
Rev. Neurol. 2021, 17, 7-22. [CrossRef] [PubMed]

Burgess, A.; Ayala-Grosso, C.A.; Ganguly, M.; Jordao, ].E; 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. [CrossRef] [PubMed]
Meng, Y.; Pople, C.B.; Huang, Y.; Jones, R.M.; Ottoy, J.; Goubran, M.; Oliveira, L.M.; Davidson, B.; Lawrence, L.S.P; Lau, A.Z,;
et al. Putaminal Recombinant Glucocerebrosidase Delivery with Magnetic Resonance-Guided Focused Ultrasound in Parkinson’s
Disease: A Phase I Study. Mov. Disord. 2022, 37, 2134-2139. [CrossRef] [PubMed]

Meng, Y.; Reilly, RM.; Pezo, R.C.; Trudeau, M.; Sahgal, A.; Singnurkar, A.; Perry, J.; Myrehaug, S.; Pople, C.B.; Davidson, B.; et al.
MR-guided focused ultrasound enhances delivery of trastuzumab to Her2-positive brain metastases. Sci. Transl. Med. 2021, 13,
eabj4011. [CrossRef] [PubMed]

Dijkmans, P.A ; Juffermans, L.J.; Musters, R.J.; van Wamel, A.; ten Cate, FJ.; van Gilst, W.; Visser, C.A.; de Jong, N.; Kamp, O.
Microbubbles and ultrasound: From diagnosis to therapy. Eur. ]. Echocardiogr. 2004, 5, 245-256. [CrossRef]

Chopra, R.; Vykhodtseva, N.; Hynynen, K. Influence of exposure time and pressure amplitude on blood-brain-barrier opening
using transcranial ultrasound exposures. ACS Chem. Neurosci. 2010, 1, 391-398. [CrossRef] [PubMed]

O'Reilly, M.A.; Hough, O.; Hynynen, K. Blood-Brain Barrier Closure Time After Controlled Ultrasound-Induced Opening Is
Independent of Opening Volume. J. Ultrasound Med. 2017, 36, 475-483. [CrossRef] [PubMed]

Sheikov, N.; McDannold, N.; Vykhodtseva, N.; Jolesz, E.; Hynynen, K. Cellular mechanisms of the blood-brain barrier opening
induced by ultrasound in presence of microbubbles. Ultrasound Med. Biol. 2004, 30, 979-989. [CrossRef] [PubMed]

Aryal, M.; Fischer, K.; Gentile, C.; Gitto, S.; Zhang, Y.Z.; McDannold, N. Effects on P-Glycoprotein Expression after Blood-Brain
Barrier Disruption Using Focused Ultrasound and Microbubbles. PLoS ONE 2017, 12, e0166061. [CrossRef]

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. 2012, 61, 3555. [CrossRef]

Grasso, G.; Torregrossa, F.; Noto, M.; Bruno, E.; Feraco, P.; Buscemi, F,; Bartolotta, T.V.; Gagliardo, C. MR-guided focused
ultrasound-induced blood-brain barrier opening for brain metastasis: A review. Neurosurg. Focus 2023, 55, E11. [CrossRef]
[PubMed]

Wu, SK.; Chu, P.C,; Chai, W.Y,; Kang, S.T.; Tsai, C.H.; Fan, C.H.; Yeh, C.K,; Liu, H.L. Characterization of Different Microbubbles
in Assisting Focused Ultrasound-Induced Blood-Brain Barrier Opening. Sci. Rep. 2017, 7, 46689. [CrossRef] [PubMed]
McDannold, N.; Arvanitis, C.D.; Vykhodtseva, N.; Livingstone, M.S. Temporary disruption of the blood-brain barrier by use of
ultrasound and microbubbles: Safety and efficacy evaluation in rhesus macaques. Cancer Res. 2012, 72, 3652-3663. [CrossRef]
[PubMed]

McDannold, N.; Vykhodtseva, N.; Hynynen, K. Blood-brain barrier disruption induced by focused ultrasound and circulating
preformed microbubbles appears to be characterized by the mechanical index. Ultrasound Med. Biol. 2008, 34, 834-840. [CrossRef]
[PubMed]

Konofagou, E.E.; Tung, Y.S.; Choi, ].; Deffieux, T.; Baseri, B.; Vlachos, F. Ultrasound-induced blood-brain barrier opening. Curr.
Pharm. Biotechnol. 2012, 13, 1332-1345. [CrossRef] [PubMed]

Marty, B.; Larrat, B.; Van Landeghem, M.; Robic, C.; Robert, P.; Port, M.; Le Bihan, D.; Pernot, M.; Tanter, M.; Lethimonnier, E;
et al. Dynamic study of blood-brain barrier closure after its disruption using ultrasound: A quantitative analysis. J. Cereb. Blood
Flow Metab. 2012, 32, 1948-1958. [CrossRef]

Meng, Y.; Goubran, M.; Rabin, ].S.; McSweeney, M.; Ottoy, ]J.; Pople, C.B.; Huang, Y.; Storace, A.; Ozzoude, M.; Bethune, A ;
et al. Blood-brain barrier opening of the default mode network in Alzheimer’s disease with magnetic resonance-guided focused
ultrasound. Brain 2023, 146, 865-872. [CrossRef] [PubMed]


https://doi.org/10.1080/10717544.2019.1616235
https://www.ncbi.nlm.nih.gov/pubmed/31928355
https://doi.org/10.1016/j.jconrel.2019.07.023
https://www.ncbi.nlm.nih.gov/pubmed/31326464
https://doi.org/10.1038/s41467-018-04529-6
https://www.ncbi.nlm.nih.gov/pubmed/30046032
https://doi.org/10.3791/56365
https://doi.org/10.1038/s41380-020-0737-1
https://doi.org/10.1148/radiol.2202001804
https://doi.org/10.1038/s41582-020-00418-z
https://www.ncbi.nlm.nih.gov/pubmed/33106619
https://doi.org/10.1371/journal.pone.0027877
https://www.ncbi.nlm.nih.gov/pubmed/22114718
https://doi.org/10.1002/mds.29190
https://www.ncbi.nlm.nih.gov/pubmed/36089809
https://doi.org/10.1126/scitranslmed.abj4011
https://www.ncbi.nlm.nih.gov/pubmed/34644145
https://doi.org/10.1016/j.euje.2004.02.001
https://doi.org/10.1021/cn9000445
https://www.ncbi.nlm.nih.gov/pubmed/20563295
https://doi.org/10.7863/ultra.16.02005
https://www.ncbi.nlm.nih.gov/pubmed/28108988
https://doi.org/10.1016/j.ultrasmedbio.2004.04.010
https://www.ncbi.nlm.nih.gov/pubmed/15313330
https://doi.org/10.1371/journal.pone.0166061
https://doi.org/10.3791/3555
https://doi.org/10.3171/2023.5.FOCUS23227
https://www.ncbi.nlm.nih.gov/pubmed/37527681
https://doi.org/10.1038/srep46689
https://www.ncbi.nlm.nih.gov/pubmed/28425493
https://doi.org/10.1158/0008-5472.CAN-12-0128
https://www.ncbi.nlm.nih.gov/pubmed/22552291
https://doi.org/10.1016/j.ultrasmedbio.2007.10.016
https://www.ncbi.nlm.nih.gov/pubmed/18207311
https://doi.org/10.2174/138920112800624364
https://www.ncbi.nlm.nih.gov/pubmed/22201586
https://doi.org/10.1038/jcbfm.2012.100
https://doi.org/10.1093/brain/awac459
https://www.ncbi.nlm.nih.gov/pubmed/36694943

Pharmaceutics 2024, 16, 719 11 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Blesa, J.; Pineda-Pardo, J.A.; Inoue, K.I.; Gasca-Salas, C.; Balzano, T.; Del Rey, N.L.; Reinares-Sebastian, A.; Esteban-Garcia, N.;
Rodriguez-Rojas, R.; Marquez, R.; et al. BBB opening with focused ultrasound in nonhuman primates and Parkinson’s disease
patients: Targeted AAV vector delivery and PET imaging. Sci. Adv. 2023, 9, eadf4888. [CrossRef] [PubMed]

Lea-Banks, H.; Hynynen, K. Sub-millimetre precision of drug delivery in the brain from ultrasound-triggered nanodroplets.
J. Control. Release 2021, 338, 731-741. [CrossRef]

Gouveia, F.V,; Lea-Banks, H.; Aubert, I.; Lipsman, N.; Hynynen, K.; Hamani, C. Anesthetic-loaded nanodroplets with focused
ultrasound reduces agitation in Alzheimer’s mice. Ann. Clin. Transl. Neurol. 2023, 10, 507-519. [CrossRef]

Chen, Y.-X,; Feng, P-J.; Zhong, G.; Liu, J.-H,; Jiang, B.; Harn, Y.-W.; Zhao, D.; Lin, Z.; Zhang, Q.; Shen, Q.-D. Piezoelectric
nanogenerators enabled neuromodulation rescued dopaminergic neuron loss in Parkinson’s disease. Nano Energy 2024, 121,
109187. [CrossRef]

Selkoe, D.].; Hardy, ]. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8, 595-608. [CrossRef]
[PubMed]

Querfurth, HW.; LaFerla, EM. Alzheimer’s disease. N. Engl. J. Med. 2010, 362, 329-344. [CrossRef] [PubMed]

Busche, M.A.; Hyman, B.T. Synergy between amyloid-beta and tau in Alzheimer’s disease. Nat. Neurosci. 2020, 23, 1183-1193.
[CrossRef] [PubMed]

Contreras, ].A.; Avena-Koenigsberger, A.; Risacher, S.L.; West, ].D.; Tallman, E.; McDonald, B.C.; Farlow, M.R.; Apostolova, L.G;
Goni, J.; Dzemidzic, M.; et al. Resting state network modularity along the prodromal late onset Alzheimer’s disease continuum.
Neuroimage Clin. 2019, 22, 101687. [CrossRef] [PubMed]

Palmgqvist, S.; Scholl, M.; Strandberg, O.; Mattsson, N.; Stomrud, E.; Zetterberg, H.; Blennow, K.; Landau, S.; Jagust, W.; Hansson,
O. Earliest accumulation of beta-amyloid occurs within the default-mode network and concurrently affects brain connectivity.
Nat. Commun. 2017, 8, 1214. [CrossRef] [PubMed]

Pascoal, T.A.; Mathotaarachchi, S.; Kang, M.S.; Mohaddes, S.; Shin, M.; Park, A.Y.; Parent, M.].; Benedet, A.L.; Chamoun, M.;
Therriault, J.; et al. Abeta-induced vulnerability propagates via the brain’s default mode network. Nat. Commun. 2019, 10, 2353.
[CrossRef] [PubMed]

Rajah Kumaran, K.; Yunusa, S.; Perimal, E.; Wahab, H.; Muller, C.P.; Hassan, Z. Insights into the Pathophysiology of Alzheimer’s
Disease and Potential Therapeutic Targets: A Current Perspective. J. Alzheimers Dis. 2023, 91, 507-530. [CrossRef] [PubMed]
Mullard, A. Landmark Alzheimer’s drug approval confounds research community. Nature 2021, 594, 309-310. [CrossRef]

van Dyck, C.H.; Swanson, C.J.; Aisen, P.; Bateman, R.J.; Chen, C.; Gee, M.; Kanekiyo, M.; Li, D.; Reyderman, L.; Cohen, S.; et al.
Lecanemab in Early Alzheimer’s Disease. N. Engl. ]. Med. 2023, 388, 9-21. [CrossRef]

Banks, W.A.; Terrell, B.; Farr, S.A.; Robinson, S.M.; Nonaka, N.; Morley, J.E. Passage of amyloid beta protein antibody across the
blood-brain barrier in a mouse model of Alzheimer’s disease. Peptides 2002, 23, 2223-2226. [CrossRef] [PubMed]

Blennow, K.; Zetterberg, H.; Rinne, J.O.; Salloway, S.; Wei, ].; Black, R.; Grundman, M.; Liu, E.; Investigators, A.A.B. Effect
of immunotherapy with bapineuzumab on cerebrospinal fluid biomarker levels in patients with mild to moderate Alzheimer
disease. Arch. Neurol. 2012, 69, 1002-1010. [CrossRef] [PubMed]

Park, S.H.; Baik, K;; Jeon, S.; Chang, W.S.; Ye, B.S.; Chang, ].W. Extensive frontal focused ultrasound mediated blood-brain
barrier opening for the treatment of Alzheimer’s disease: A proof-of-concept study. Transl. Neurodegener. 2021, 10, 44. [CrossRef]
[PubMed]

Epelbaum, S.; Burgos, N.; Canney, M.; Matthews, D.; Houot, M.; Santin, M.D.; Desseaux, C.; Bouchoux, G.; Stroer, S.; Martin,
C.; et al. Pilot study of repeated blood-brain barrier disruption in patients with mild Alzheimer’s disease with an implantable
ultrasound device. Alzheimers Res. Ther. 2022, 14, 40. [CrossRef] [PubMed]

Rezai, A.R; Ranjan, M.; Haut, M.W.; Carpenter, ].; D'Haese, P.E; Mehta, R.I.; Najib, U.; Wang, P.; Claassen, D.O.; Chazen, J.L.; et al.
Focused ultrasound-mediated blood-brain barrier opening in Alzheimer’s disease: Long-term safety, imaging, and cognitive
outcomes. J. Neurosurg. 2022, 139, 275-283. [CrossRef] [PubMed]

Rezai, A.R; Ranjan, M.; D'Haese, PF,; Haut, M.W.,; Carpenter, |.; Najib, U.; Mehta, R.I.; Chazen, ].L.; Zibly, Z.; Yates, ].R.; et al.
Noninvasive hippocampal blood-brain barrier opening in Alzheimer’s disease with focused ultrasound. Proc. Natl. Acad. Sci.
USA 2020, 117, 9180-9182. [CrossRef] [PubMed]

Rezai, A.R.; D'Haese, P.F.; Finomore, V.; Carpenter, J.; Ranjan, M.; Wilhelmsen, K.; Mehta, R.I.; Wang, P.; Najib, U.; Vieira Ligo
Teixeira, C.; et al. Ultrasound Blood-Brain Barrier Opening and Aducanumab in Alzheimer’s Disease. N. Engl. |. Med. 2024, 390,
55-62. [CrossRef] [PubMed]

Kong, C.; Yang, EJ.; Shin, J.; Park, J.; Kim, S.H.; Park, S.W.; Chang, W.S.; Lee, C.H.; Kim, H.; Kim, H.S; et al. Enhanced delivery of
a low dose of aducanumab via FUS in 5xFAD mice, an AD model. Transl. Neurodegener. 2022, 11, 57. [CrossRef] [PubMed]
Leinenga, G.; Koh, WK; Gotz, ]. A comparative study of the effects of Aducanumab and scanning ultrasound on amyloid plaques
and behavior in the APP23 mouse model of Alzheimer disease. Alzheimers Res. Ther. 2021, 13, 76. [CrossRef]

Gulisano, W.; Maugeri, D.; Baltrons, M.A; Fa, M.; Amato, A.; Palmeri, A.; D’Adamio, L.; Grassi, C.; Devanand, D.P.; Honig, L.S.;
et al. Role of Amyloid-beta and Tau Proteins in Alzheimer’s Disease: Confuting the Amyloid Cascade. ]. Alzheimers Dis. 2018, 64,
5611-5631. [CrossRef]

Aldape, K.; Brindle, K.M.; Chesler, L.; Chopra, R.; Gajjar, A.; Gilbert, M.R.; Gottardo, N.; Gutmann, D.H.; Hargrave, D.; Holland,
E.C,; et al. Challenges to curing primary brain tumours. Nat. Rev. Clin. Oncol. 2019, 16, 509-520. [CrossRef] [PubMed]


https://doi.org/10.1126/sciadv.adf4888
https://www.ncbi.nlm.nih.gov/pubmed/37075119
https://doi.org/10.1016/j.jconrel.2021.09.014
https://doi.org/10.1002/acn3.51737
https://doi.org/10.1016/j.nanoen.2023.109187
https://doi.org/10.15252/emmm.201606210
https://www.ncbi.nlm.nih.gov/pubmed/27025652
https://doi.org/10.1056/NEJMra0909142
https://www.ncbi.nlm.nih.gov/pubmed/20107219
https://doi.org/10.1038/s41593-020-0687-6
https://www.ncbi.nlm.nih.gov/pubmed/32778792
https://doi.org/10.1016/j.nicl.2019.101687
https://www.ncbi.nlm.nih.gov/pubmed/30710872
https://doi.org/10.1038/s41467-017-01150-x
https://www.ncbi.nlm.nih.gov/pubmed/29089479
https://doi.org/10.1038/s41467-019-10217-w
https://www.ncbi.nlm.nih.gov/pubmed/31164641
https://doi.org/10.3233/JAD-220666
https://www.ncbi.nlm.nih.gov/pubmed/36502321
https://doi.org/10.1038/d41586-021-01546-2
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1016/s0196-9781(02)00261-9
https://www.ncbi.nlm.nih.gov/pubmed/12535702
https://doi.org/10.1001/archneurol.2012.90
https://www.ncbi.nlm.nih.gov/pubmed/22473769
https://doi.org/10.1186/s40035-021-00269-8
https://www.ncbi.nlm.nih.gov/pubmed/34740367
https://doi.org/10.1186/s13195-022-00981-1
https://www.ncbi.nlm.nih.gov/pubmed/35260178
https://doi.org/10.3171/2022.9.JNS221565
https://www.ncbi.nlm.nih.gov/pubmed/36334289
https://doi.org/10.1073/pnas.2002571117
https://www.ncbi.nlm.nih.gov/pubmed/32284421
https://doi.org/10.1056/NEJMoa2308719
https://www.ncbi.nlm.nih.gov/pubmed/38169490
https://doi.org/10.1186/s40035-022-00333-x
https://www.ncbi.nlm.nih.gov/pubmed/36575534
https://doi.org/10.1186/s13195-021-00809-4
https://doi.org/10.3233/JAD-179935
https://doi.org/10.1038/s41571-019-0177-5
https://www.ncbi.nlm.nih.gov/pubmed/30733593

Pharmaceutics 2024, 16, 719 12 of 13

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.
74.
75.

Mainprize, T.; Lipsman, N.; Huang, Y.; Meng, Y.; Bethune, A.; Ironside, S.; Heyn, C.; Alkins, R.; Trudeau, M.; Sahgal, A.; 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. 2019, 9, 321. [CrossRef] [PubMed]

Idbaih, A.; Canney, M.; Belin, L.; Desseaux, C.; Vignot, A.; Bouchoux, G.; Asquier, N.; Law-Ye, B.; Leclercq, D.; Bissery, 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. 2019, 25, 3793-3801. [CrossRef] [PubMed]

Carpentier, A.; Canney, M.; Vignot, A.; Reina, V.; Beccaria, K.; Horodyckid, C.; Karachi, C.; Leclercq, D.; Lafon, C.; Chapelon,
J.Y; et al. Clinical trial of blood-brain barrier disruption by pulsed ultrasound. Sci. Transl. Med. 2016, 8, 343re342. [CrossRef]
[PubMed]

Anastasiadis, P.; Gandhi, D.; Guo, Y.; Ahmed, A.K.; Bentzen, S.M.; Arvanitis, C.; Woodworth, G.F. Localized blood-brain barrier
opening in infiltrating gliomas with MRI-guided acoustic emissions-controlled focused ultrasound. Proc. Natl. Acad. Sci. USA
2021, 118, €2103280118. [CrossRef] [PubMed]

Sonabend, A.M.; Gould, A.; Amidei, C.; Ward, R.; Schmidt, K.A.; Zhang, D.Y.; Gomez, C.; Bebawy, ].F; Liu, B.P.; Bouchoux, G.;
et al. Repeated blood-brain barrier opening with an implantable ultrasound device for delivery of albumin-bound paclitaxel in
patients with recurrent glioblastoma: A phase 1 trial. Lancet Oncol. 2023, 24, 509-522. [CrossRef] [PubMed]

Sarkaria, J.N.; Hu, L.S.; Parney, LE; Pafundi, D.H.; Brinkmann, D.H.; Laack, N.N.; Giannini, C.; Burns, T.C.; Kizilbash, S.H.;
Laramy, J.K,; et al. Is the blood-brain barrier really disrupted in all glioblastomas? A critical assessment of existing clinical data.
Neuro-Oncology 2018, 20, 184-191. [CrossRef] [PubMed]

Leten, C.; Struys, T.; Dresselaers, T.; Himmelreich, U. In vivo and ex vivo assessment of the blood brain barrier integrity in
different glioblastoma animal models. J. Neurooncol. 2014, 119, 297-306. [CrossRef]

McDannold, N.; Zhang, Y.; Supko, ]J.G.; Power, C.; Sun, T.; Peng, C.; Vykhodtseva, N.; Golby, A.].; Reardon, D.A. Acoustic
feedback enables safe and reliable carboplatin delivery across the blood-brain barrier with a clinical focused ultrasound system
and improves survival in a rat glioma model. Theranostics 2019, 9, 6284-6299. [CrossRef]

Fan, C.H,; Ting, C.Y.,; Chang, Y.C.; Wei, K.C.; Liu, H.L.; Yeh, C.K. Drug-loaded bubbles with matched focused ultrasound
excitation for concurrent blood-brain barrier opening and brain-tumor drug delivery. Acta Biomater. 2015, 15, 89-101. [CrossRef]
Wei, H.].; Upadhyayula, P.S.; Pouliopoulos, A.N.; Englander, Z.K.; Zhang, X; Jan, C.IL; Guo, J.; Mela, A.; Zhang, Z.; Wang, T.].C,;
et al. Focused Ultrasound-Mediated Blood-Brain Barrier Opening Increases Delivery and Efficacy of Etoposide for Glioblastoma
Treatment. Int. |. Radiat. Oncol. Biol. Phys. 2021, 110, 539-550. [CrossRef] [PubMed]

Alli, S.; Figueiredo, C.A.; Golbourn, B.; Sabha, N.; Wu, M.Y.; Bondoc, A.; Luck, A.; Coluccia, D.; Maslink, C.; Smith, C.; et al.
Brainstem blood brain barrier disruption using focused ultrasound: A demonstration of feasibility and enhanced doxorubicin
delivery. J. Control. Release 2018, 281, 29-41. [CrossRef] [PubMed]

McDannold, N.; Zhang, Y.; Supko, J.G.; Power, C.; Sun, T.; Vykhodtseva, N.; Golby, A.]J.; Reardon, D.A. Blood-brain barrier
disruption and delivery of irinotecan in a rat model using a clinical transcranial MRI-guided focused ultrasound system. Sci. Rep.
2020, 10, 8766. [CrossRef]

Martinez, PJ.; Green, A.L.; Borden, M.A. Targeting diffuse midline gliomas: The promise of focused ultrasound-mediated
blood-brain barrier opening. J. Control. Release 2024, 365, 412-421. [CrossRef] [PubMed]

Lin, Y.L.; Wu, M.T.; Yang, EY. Pharmacokinetics of doxorubicin in glioblastoma multiforme following ultrasound-Induced
blood-brain barrier disruption as determined by microdialysis. J. Pharm. Biomed. Anal. 2018, 149, 482-487. [CrossRef] [PubMed]
Kinoshita, M.; McDannold, N.; Jolesz, EA.; 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 2006, 103, 11719-11723.
[CrossRef] [PubMed]

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 2016, 238, 281-288. [CrossRef] [PubMed]
Timbie, K.F.; Mead, B.P; Price, R.J. Drug and gene delivery across the blood-brain barrier with focused ultrasound. J. Control.
Release 2015, 219, 61-75. [CrossRef] [PubMed]

Chen, PY.; Hsieh, H.Y.; Huang, C.Y,; Lin, C.Y.; Wei, K.C.; Liu, H.L. Focused ultrasound-induced blood-brain barrier opening
to enhance interleukin-12 delivery for brain tumor immunotherapy: A preclinical feasibility study. J. Transl. Med. 2015, 13, 93.
[CrossRef]

Liu, H.L.; Hsu, PH,; Lin, C.Y;; Huang, C.W.; Chai, W.Y.; Chu, P.C.; Huang, C.Y.; Chen, PY; Yang, L.Y.; Kuo, ].S.; et al. Focused
Ultrasound Enhances Central Nervous System Delivery of Bevacizumab for Malignant Glioma Treatment. Radiology 2016, 281,
99-108. [CrossRef]

Cho, N.S.; Wong, W.K,; Nghiemphu, P.L.; Cloughesy, T.E,; Ellingson, B.M. The Future Glioblastoma Clinical Trials Landscape:
Early Phase 0, Window of Opportunity, and Adaptive Phase I-III Studies. Curr. Oncol. Rep. 2023, 25, 1047-1055. [CrossRef]
[PubMed]

De Lau, L.M.; Breteler, M.M. Epidemiology of Parkinson’s disease. Lancet Neurol. 2006, 5, 525-535. [CrossRef] [PubMed]

Dauer, W.; Przedborski, S. Parkinson’s disease: Mechanisms and models. Neuron 2003, 39, 889-909. [CrossRef] [PubMed]

Kalia, L.V.; Lang, A E. Parkinson’s disease. Lancet 2015, 386, 896-912. [CrossRef] [PubMed]

Collier, T.J.; Kanaan, N.M.; Kordower, J.H. Ageing as a primary risk factor for Parkinson’s disease: Evidence from studies of
non-human primates. Nat. Rev. Neurosci. 2011, 12, 359-366. [CrossRef] [PubMed]


https://doi.org/10.1038/s41598-018-36340-0
https://www.ncbi.nlm.nih.gov/pubmed/30674905
https://doi.org/10.1158/1078-0432.CCR-18-3643
https://www.ncbi.nlm.nih.gov/pubmed/30890548
https://doi.org/10.1126/scitranslmed.aaf6086
https://www.ncbi.nlm.nih.gov/pubmed/27306666
https://doi.org/10.1073/pnas.2103280118
https://www.ncbi.nlm.nih.gov/pubmed/34504017
https://doi.org/10.1016/S1470-2045(23)00112-2
https://www.ncbi.nlm.nih.gov/pubmed/37142373
https://doi.org/10.1093/neuonc/nox175
https://www.ncbi.nlm.nih.gov/pubmed/29016900
https://doi.org/10.1007/s11060-014-1514-2
https://doi.org/10.7150/thno.35892
https://doi.org/10.1016/j.actbio.2014.12.026
https://doi.org/10.1016/j.ijrobp.2020.12.019
https://www.ncbi.nlm.nih.gov/pubmed/33346092
https://doi.org/10.1016/j.jconrel.2018.05.005
https://www.ncbi.nlm.nih.gov/pubmed/29753957
https://doi.org/10.1038/s41598-020-65617-6
https://doi.org/10.1016/j.jconrel.2023.11.037
https://www.ncbi.nlm.nih.gov/pubmed/38000663
https://doi.org/10.1016/j.jpba.2017.11.047
https://www.ncbi.nlm.nih.gov/pubmed/29175555
https://doi.org/10.1073/pnas.0604318103
https://www.ncbi.nlm.nih.gov/pubmed/16868082
https://doi.org/10.1016/j.jconrel.2016.08.001
https://www.ncbi.nlm.nih.gov/pubmed/27496633
https://doi.org/10.1016/j.jconrel.2015.08.059
https://www.ncbi.nlm.nih.gov/pubmed/26362698
https://doi.org/10.1186/s12967-015-0451-y
https://doi.org/10.1148/radiol.2016152444
https://doi.org/10.1007/s11912-023-01433-1
https://www.ncbi.nlm.nih.gov/pubmed/37402043
https://doi.org/10.1016/S1474-4422(06)70471-9
https://www.ncbi.nlm.nih.gov/pubmed/16713924
https://doi.org/10.1016/s0896-6273(03)00568-3
https://www.ncbi.nlm.nih.gov/pubmed/12971891
https://doi.org/10.1016/S0140-6736(14)61393-3
https://www.ncbi.nlm.nih.gov/pubmed/25904081
https://doi.org/10.1038/nrn3039
https://www.ncbi.nlm.nih.gov/pubmed/21587290

Pharmaceutics 2024, 16, 719 13 of 13

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Tanner, C.M.; Kamel, F,; Ross, G.W.; Hoppin, J.A.; Goldman, S.M.; Korell, M.; Marras, C.; Bhudhikanok, G.S.; Kasten, M.; Chade,
A.R; et al. Rotenone, paraquat, and Parkinson’s disease. Environ. Health Perspect. 2011, 119, 866-872. [CrossRef] [PubMed]
Sidransky, E.; Lopez, G. The link between the GBA gene and parkinsonism. Lancet Neurol. 2012, 11, 986-998. [CrossRef] [PubMed]
Cilia, R.; Tunesi, S.; Marotta, G.; Cereda, E.; Siri, C.; Tesei, S.; Zecchinelli, A.L.; Canesi, M.; Mariani, C.B.; Meucci, N.; et al. Survival
and dementia in GBA-associated Parkinson’s disease: The mutation matters. Ann. Neurol. 2016, 80, 662—673. [CrossRef] [PubMed]
Zimprich, A.; Biskup, S.; Leitner, P.; Lichtner, P.; Farrer, M.; Lincoln, S.; Kachergus, J.; Hulihan, M.; Uitti, R.J.; Calne, D.B.; et al.
Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 2004, 44, 601-607. [CrossRef]
Meng, Y.; Voisin, M.R.; Suppiah, S.; Kalia, S.K; Kalia, L.V.; Hamani, C.; Lipsman, N. Is there a role for MR-guided focused
ultrasound in Parkinson’s disease? Mov. Disord. 2018, 33, 575-579. [CrossRef]

Karakatsani, M.E.; Blesa, J.; Konofagou, E.E. Blood-brain barrier opening with focused ultrasound in experimental models of
Parkinson’s disease. Mov. Disord. 2019, 34, 1252-1261. [CrossRef] [PubMed]

Karakatsani, M.E.; Wang, S.; Samiotaki, G.; Kugelman, T.; Olumolade, O.O.; Acosta, C.; Sun, T.; Han, Y,; Kamimura, H.A.S,;
Jackson-Lewis, V.; et al. Amelioration of the nigrostriatal pathway facilitated by ultrasound-mediated neurotrophic delivery in
early Parkinson’s disease. J. Control. Release 2019, 303, 289-301. [CrossRef] [PubMed]

Xhima, K.; Nabboubh, F.; Hynynen, K.; Aubert, I.; Tandon, A. Noninvasive delivery of an alpha-synuclein gene silencing vector
with magnetic resonance-guided focused ultrasound. Mov Disord 2018, 33, 1567-1579. [CrossRef] [PubMed]

Challis, R.C.; Ravindra Kumar, S.; Chen, X.; Goertsen, D.; Coughlin, G.M.; Hori, A.M.; Chuapoco, M.R; Otis, T.S.; Miles, T.E;
Gradinaru, V. Adeno-Associated Virus Toolkit to Target Diverse Brain Cells. Annu. Rev. Neurosci. 2022, 45, 447-469. [CrossRef]
[PubMed]

Pineda-Pardo, J.A.; Gasca-Salas, C.; Fernandez-Rodriguez, B.; Rodriguez-Rojas, R.; Del Alamo, M.; Obeso, I.; Hernandez-
Fernandez, F.; Trompeta, C.; Martinez-Fernandez, R.; Matarazzo, M.; et al. Striatal Blood-Brain Barrier Opening in Parkinson’s
Disease Dementia: A Pilot Exploratory Study. Mov. Disord. 2022, 37, 2057-2065. [CrossRef] [PubMed]

Bhatia, K.P.; Marsden, C.D. The behavioural and motor consequences of focal lesions of the basal ganglia in man. Brain 1994, 117
Pt 4, 859-876. [CrossRef]

Sardi, S.P,; Clarke, J.; Kinnecom, C.; Tamsett, T.J.; Li, L.; Stanek, L.M.; Passini, M.A.; Grabowski, G.A.; Schlossmacher, M.G.;
Sidman, R.L.; et al. CNS expression of glucocerebrosidase corrects alpha-synuclein pathology and memory in a mouse model of
Gaucher-related synucleinopathy. Proc. Natl. Acad. Sci. USA 2011, 108, 12101-12106. [CrossRef] [PubMed]

Cerri, S.; Ghezzi, C.; Sampieri, M.; Siani, F.; Avenali, M.; Dornini, G.; Zangaglia, R.; Minafra, B.; Blandini, F. The Exosomal/Total
alpha-Synuclein Ratio in Plasma Is Associated with Glucocerebrosidase Activity and Correlates with Measures of Disease Severity
in PD Patients. Front. Cell. Neurosci. 2018, 12, 125. [CrossRef]

Gegg, M.E.; Menozzi, E.; Schapira, A.H.V. Glucocerebrosidase-associated Parkinson disease: Pathogenic mechanisms and
potential drug treatments. Neurobiol. Dis. 2022, 166, 105663. [CrossRef]

Huang, Y.; Meng, Y.; Pople, C.B.; Bethune, A.; Jones, RM.; Abrahao, A.; Hamani, C.; Kalia, S.K,; Kalia, L.V.; Lipsman, N.; et al.
Cavitation Feedback Control of Focused Ultrasound Blood-Brain Barrier Opening for Drug Delivery in Patients with Parkinson’s
Disease. Pharmaceutics 2022, 14, 2607. [CrossRef]

Hirano, S.; Eckert, T.; Flanagan, T.; Eidelberg, D. Metabolic networks for assessment of therapy and diagnosis in Parkinson’s
disease. Mov. Disord. 2009, 24 (Suppl. S2), S725-5731. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1289/ehp.1002839
https://www.ncbi.nlm.nih.gov/pubmed/21269927
https://doi.org/10.1016/S1474-4422(12)70190-4
https://www.ncbi.nlm.nih.gov/pubmed/23079555
https://doi.org/10.1002/ana.24777
https://www.ncbi.nlm.nih.gov/pubmed/27632223
https://doi.org/10.1016/j.neuron.2004.11.005
https://doi.org/10.1002/mds.27308
https://doi.org/10.1002/mds.27804
https://www.ncbi.nlm.nih.gov/pubmed/31361356
https://doi.org/10.1016/j.jconrel.2019.03.030
https://www.ncbi.nlm.nih.gov/pubmed/30953664
https://doi.org/10.1002/mds.101
https://www.ncbi.nlm.nih.gov/pubmed/30264465
https://doi.org/10.1146/annurev-neuro-111020-100834
https://www.ncbi.nlm.nih.gov/pubmed/35440143
https://doi.org/10.1002/mds.29134
https://www.ncbi.nlm.nih.gov/pubmed/35765711
https://doi.org/10.1093/brain/117.4.859
https://doi.org/10.1073/pnas.1108197108
https://www.ncbi.nlm.nih.gov/pubmed/21730160
https://doi.org/10.3389/fncel.2018.00125
https://doi.org/10.1016/j.nbd.2022.105663
https://doi.org/10.3390/pharmaceutics14122607
https://doi.org/10.1002/mds.22541
https://www.ncbi.nlm.nih.gov/pubmed/19877247

	Introduction 
	Mechanism of Ultrasonic BBB Opening 
	Alzheimer’s Disease 
	Neuro-Oncology 
	Parkinson’s Disease 
	Future Directions 
	Conclusions 
	References

