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Abstract

Brain tumors are particularly challenging malignancies, due to their location in a structurally and
functionally distinct part of the human body — the central nervous system (CNS). The CNS is
separated and protected by a unique system of brain and blood vessel cells which together prevent
most bloodborne therapeutics from entering the brain tumor microenvironment (TME). Recently,
great strides have been made through microbubble (MB) ultrasound contrast agents in conjunction
with ultrasound energy to locally increase the permeability of brain vessels and modulate the brain
TME. As we elaborate in this review, this physical method can effectively deliver a wide range

of anticancer agents, including chemotherapeutics, antibodies, and nanoparticle drug conjugates
across a range of preclinical brain tumors, including high grade glioma (glioblastoma), diffuse
intrinsic pontine gliomas, and brain metastasis. Moreover, recent evidence suggests that this
technology can promote the effective delivery of novel immunotherapeutic agents, including,
immune check-point inhibitors and chimeric antigen receptor T cells, among others. With early
clinical studies demonstrating safety and several Phase I/11 trials testing the preclinical findings
underway this technology is making firm steps towards shaping the future treatments of primary
and metastatic brain cancer. By elaborating on its key components, including ultrasound systems
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and MB technology along with methods for closed-loop spatial and temporal control of MB
activity, we highlight how this technology can be tuned to enable new, personalized treatment
strategies for primary brain malignancies and brain metastases.

Introduction

Brain tumors, including glioblastoma (GBM) — one of the most fatal forms, are among the
most difficult to treat of all human tumors. While the reasons for these dismal outcomes
are several, effective delivery of bloodborne drugs remains a major challenge. For effective
delivery, the anticancer agent must cross the neurovascular unit (NVU), composed of a
complex system of endothelial and brain cells (glia/microglia, pericytes, and neurons)
[1,2], traffic through the dense extracellular matrix, avoid clearance, and be taken up by
the cancer cells. The NVU functions to establish the blood brain barrier (BBB), which
controls the transport of most agents and entities into and out of the central nervous
system (CNS). Although the vasculature in most brain tumors is abnormally leaky and is
frequently characterized by fenestrated or compromised endothelial cells and tight junctions
(referred to as blood tumor barrier or BTB), its permeability is highly heterogeneous, and
is occasionally similar to healthy brain [3,4]. As such, it is often considered a rate-limiting
factor to the delivery of both small and large molecular weight anticancer agents in brain
tumors [5,6]. Furthermore, malignant cells often invade into surrounding functional brain
regions with an intact BBB [7], which shields them from treatment.

Beyond the vascular barriers, the tumor interstitial fluid pressure (although not as high in
intracranial malignancies [8]) may impede (convective) mass transport across the vessel

wall and into the interstitial space by diminishing the pressure gradients that mediate the
flow from the blood into the tumor core. Apart from the physical barriers to bulk transport,
changes in the function of the dynamic influx/efflux transporter system, which plays a key
role in mediating drug resistance, at the vessel’s luminal surface and cancer cell membrane
may oppose both drug (i.e., chemotherapy) extravasation and cancer cell uptake [9]. Despite
progress, these barriers that consistently hinder clinically effective treatment against primary
brain malignancies and brain metastases [10-12], underscore the need for more robust drug
delivery strategies and systems.

Low-intensity focused ultrasound (FUS) combined with ultrasound contrast agents called
microbubbles (MBs) provides a physical method to transiently modulate the brain TME
and NVU and improve the delivery of anticancer agents in the brain [13-15]. Beyond
demonstrating safety and efficacy of MB-enhanced FUS (MB-FUS) drug combinations in
the preclinical setting and establishing safety in the clinical setting, the rapid expansion
of this technology is facilitated by numerous technological innovations including reliable
MB formulations, ultrasound systems tailored for brain applications and novel methods
to monitor and locally control the cerebrovascular MB dynamics. The integration of such
innovations opens the possibility to make MB-FUS technology completely “tunable” and
creates unique opportunities for targeted drug delivery with novel therapeutic agents.
Beyond targeted drug delivery, this technology through the application of localized
mechanical stress is offering the unique opportunity to modulate the immune tumor
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microenvironment and improve immunotherapeutic trafficking and convert immunologically
“cold” tumors into immunologically “hot” ones that are prone to generate prolonged anti-
tumor immune responses [16].

In this review, we first assess the state of pre-clinical and clinical work towards leveraging
MB-FUS to enhance drug delivery to brain tumors. Next, we discuss progress on the
technical advancements underlying these applications, namely: the systems and the methods
for accurate localization of the US beam into the brain and the technology for monitoring
and controlling MB activity to ensure safe and effective drug delivery. Finally, we discuss
future perspectives, including the combination of this technology with immunotherapy

and how it might enhance liquid biopsy techniques for treatment monitoring and lead to
improved outcomes in the therapeutically challenging brain tumors. To facilitate the reader,
we provide the definitions of key terms in Box 1.

In this review, we will not discuss extensively the structure and function of the NVU and
how tumor progression may affect the BBB; for detailed discussion on this topic, we refer
the reader to a recent review by Arvanitis et al. [5]. Likewise, for detailed literature review
in the numerous minimally invasive and noninvasive methods for drug delivery in brain
tumors, we refer the reader to recent comprehensive reviews on the topic [5,17]. Similarly,
for detailed discussion of MB-FUS BBB opening in healthy or diseased brains (beyond
cancer), including FUS parameter optimization and safety studies we direct the reader to
other reviews on the topic [13,18-20]. Herein, we will briefly review the key interactions
of MB-FUS with the NVU to facilitate discussion for their implications on brain cancer
therapy. Finally, given that ultrasound and MB physics and biophysics are large topics that
span several decades of intense research [13,21], here we will focus on research that is
primarily related to therapeutic delivery in brain tumors.

Microbubble-enhanced ultrasound targeted drug delivery in tumors

Encapsulated MBs are stabilized gas bubbles whose diameters are typically 1 to 4.5 um
and are typically administered by intravenous injection of 10-300 pL/kg of body weight
(for the studies summarized in Table 1), with injection concentration of 107-10° MBs/ml.
They were originally developed as vascular contrast agents to improve the acoustic contrast
in diagnostic imaging [22,23]. However, when subjected to incident ultrasound bursts,
these tiny gas-filled bubbles undergo high frequency vibrations (expand in peak negative
and contract in peak positive pressures) that exert upon the cells that comprise the NVU
circumferential or shear stresses (stretch, pull, or perturb; Figure 1). Cellular and molecular
evidence suggests that these physical interactions can promote paracellular transport via
transient reorganization of the tight junctions [24-27] and facilitate transcellular passage
through vesicle (caveolae) transport [28,29]. When the ultrasound beam is focused, these
changes in the NVU structure and function are localized in the focal region and can

lead to a local increase in the vascular permeability for up to 24 hours post sonication
[13,15,18], providing a window for targeted drug delivery in both space (focal region) and
time (up to 24 hours), while allowing physiological brain function to resume thereafter [13].
Moreover, the sonications can be repeated numerous times over a long period without any
apparent functional deficit and deliver agents to both white and grey matter structures [30].
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Although at higher pressures (i.e., mechanical index near 0.5; Box 1), where MB oscillation
becomes more potent at disrupting the BBB, MB collapse (inertial cavitation) that can

lead to more abrupt changes in vessel wall porosity and microhemorrhage is also possible.
While MB collapse can led to dramatic changes in NVVU structure and function [31,32],
several investigations have demonstrated that MB type, dose, and exposure settings can be
optimized to limit undesired effects while tuning and controlling BBB opening [33-38].

These findings supported the assessment of this physical and tunable method to open the
BBB/BTB in a range of brain tumors, including high grade glioma (GBM), gliosarcoma,
diffuse intrinsic pontine gliomas (DIPG), medulloblastoma, and melanoma and breast
brain metastasis, as well as deliver a wide range of anticancer agents, including
chemotherapeutics, antibodies, nanoparticle drug conjugates, and viruses. Below and in
Tables 1 and 2, we summarize the preclinical and clinical investigations to date, highlight
the main findings, and discuss the challenges in attaining clinically effective drug delivery
in primary and metastatic brain tumors. To summarize quantitatively current preclinical
findings, we analyzed the fold increase in the delivery of anticancer agents and the
percentage increase in median survival time (IST) as compared to drug-only treatments
reported in the literature. The specific values used in our analysis are provided in Suppl.
Table 1. While our analysis exclude cell-based therapeutics [39,40], this very promising
therapeutic strategys is discussed separately at the end of this review (Perspectives section).

Preclinical investigations

Chemotherapy: Chemotherapy is currently a component of the standard of care for many
tumors, including brain tumors. As such, chemotherapies are often the first drug class to be
tested with any new drug delivery technology. The delivery of small molecular weight (194
— 690 Da; « 1 nm) chemotherapeutic agents in the brain tumor microenvironment (TME)
was found to be on average 3.9-fold (Median: 3.5-fold) higher under MB-FUS conditions
(Figure 2; see also Suppl. Table 1). This improvement in delivery, which is substantial and
has been demonstrated across a range of brain tumor models, has resulted in approximately
30% increase in median survival compared to chemotherapy treatment alone. Interestingly,
larger molecules (> 400 Da) and higher doses provide better results [41,42], presumably due
to the higher differential impact of the BBB/BTB opening on their transport and the higher
drug penetration associated with the steeper drug gradients attained by the higher circulating
dose (i.e., diffusive transport) [43].

While 30% IST can be significant in the clinical setting, a major challenge with
chemotherapeutics, beyond their significant toxicities, is their rapid pharmacokinetics, which
results in rapid clearance from the circulation and, subsequently, limited exposure for

cancer cells. Although slower drug infusions and alternative dosing schemes can potentially
mitigate this challenge, chemotherapy clearance from the TME can be augmented by

drug efflux transporters, such as the Permeability-glycoprotein (Pgp), that can be over
expressed on the BBB and cancer cell membrane as part of drug resistance mechanisms [5].
Interestingly, recent investigations suggested that MB-FUS can temporarily suppress Pgp
expression in the vasculature of healthy mice, potentially providing an additional mechanism
by which MB-FUS could enhance chemotherapy effects in brain tumors [44]. However,
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other studies, also in the healthy brain (rat), demonstrated that the efflux transport of
erlotinib, a small molecule tyrosine kinase inhibitor, persisted despite FUS-mediated BBB
opening [45]. Further research is needed to determine whether the reported changes in the
function of efflux transporters in the brain TME under MB-FUS are sufficiently strong

to lead to meaningful increase in drug retention. Moreover, more detailed assessment of
different drug administration protocols (e.g., bolus vs infusion) and drug combinations
(e.g., with efflux transporter inhibitors targeting cancer cells [46]) are needed in order to
refine current therapeutic strategies and inform the design of ongoing and new clinical
investigations.

Antibody: Antibodies (Abs) provide a highly potent therapeutic technology with
comparatively low toxicity profile [47,48]. With MB-FUS, an average 2.7-fold increase

in Ab delivery (Median: 2-fold) has been reported for both primary and metastatic brain
tumor models. Despite the smaller improvement in delivery compared to small molecular
weight chemotherapies, the average increase in median survival with MB-FUS treatment
across different tumor models is substantial (~32%) as compared to Ab delivery alone.
While these findings highlight the potential of MB-FUS in combination with Abs to improve
delivery and outcomes, recent investigations indicate that the improvement in the delivery of
trastuzumab emtansine, a chemotherapy Ab conjugate, in a human HER2" (BT474) breast
metastasis mice model, diminishes five days after administration [43]. This is possibly due
to the Ab’s long circulation time (5 days half-life) that surpasses by more than five-fold the
expected duration of BBB opening post- sonication (up to 24 hours).

In recognition of the potential implications of Abs’s long half-life in tumor accumulation,
Kobus et al. hypothesized that multiple sonications (one per day for five days) can

enhance the delivery of pertuzumab and bevacizumab and improve outcomes in human
HER2*" (MDA-MB-361) breast metastasis mice model [49]. Despite the use of a tumor
model displaying low vascular permeability, the investigators observed no improvement in
survival as compared to Abs only group. Unfortunately, the Abs delivery was not reported
in this study, so it is not clear if the poor outcomes are related to the delivery, or to

the /in vivo effectiveness of these Abs in this tumor model. Interestingly and potentially
counterintuitively, other investigations demonstrated improved anti-CD47 monoclonal Ab
uptake in glioma-bearing (GL261) mice when it was administrated after the sonication (as
compared to both post sonication and Ab only group) [50]. Likewise, recent investigations
using fluorescently labeled anti-PD1 Ab observed enhanced and localized delivery to brain
parenchyma, which was further enhanced with an additional sonication treatment performed
immediately after the initial sonication, potentially supporting the above hypothesis [51]. Of
note is that both antibodies target (or are believed to target) the microglia and both studies
demonstrated that the improved delivery led to markedly improved survival [52,53]. While
these findings are promising, better understanding of Ab penetration across the BBB and
uptake from stromal and cancer cells following different sonication schemes and conditions
and possibly different tumor models are needed to establish optimal treatment protocols and
further support the evaluation of therapeutic Ab combinations with MB-FUS in the clinic.
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Nanoparticle Drug Conjugates: While the improved drug delivery in brain TME under
MB-FUS is primarily attributed to transient changes in the BBB permeability [13], recent
studies have alluded to the ability of MB-FUS to also increase the interstitial fluid flow
[43,54]. These observations both explained and underscored the potential of MB-FUS to
improve the delivery of therapeutic nanoparticles (NPs) (i.e., driven by convective transport)
across a range of brain tumor models. To date, on average 6.2-fold increase in NP

and/or cargo delivery (Median: 3.7-fold) has been attained. This substantial improvement

in delivery (highest among all anticancer agents) leads in approximately 37% increase in
median survival. With NP administration before the sonication [55], closed-loop (sonication)
control methods (see Real-time Control of Microbubble Dynamics that will take into
account the impulse response function of the receivers, in addition to absolute calibration
methods, will likely be critical moving forward.

Real-time Control of Microbubble Dynamics) [56], and nanoparticles in the range of 50 nm
[57,58], resulting in the most robust delivery. While most studies have employed anionic
NPs (=25 mV to -5 mV surface charge), recent investigations have suggested that cationic
nanoparticles (~10 mV surface charge; 50 nm in size) can lead to increased NP delivery
(10-fold or higher) and attain both high cancer cell uptake (60% of the delivered NPs) and
payload delivery, in this case an siRNA targeting the smoothened activated sonic hedgehog
subgroup of medulloblastoma [58].

Although the above findings are encouraging, it is important going forward to assess

the NP and cargo delivery in absolute terms or as a fraction of the administered dose.
Attaining delivery in the brain TME higher than 1% of the total dose is a reasonable
benchmark for refining formulation designs and accelerating translation to the clinic [59].
Likewise, systems and methods to track the NP biodistributions, kinetics and their cargo
during the sonication combined with methods to monitor the MB dynamics may reveal new
treatment strategies, in addition to helping refine our understanding on the role of stable MB
oscillation on NP delivery in the brain TME [43,60].

Magnetic Nanoparticle Drug Conjugates: NP magnetic actuation in combination with
MB-FUS aims to improve both NP retention and penetration in the brain TME [61-63].
Although this approach has led to an average of 2.3-fold increase in NP delivery in different
tumor models in rodents as compared to MB-FUS alone (Table 1), scaling it up might

be challenging, as attaining strong magnetic fields deep in the brain, which is critical for
exerting significant forces to small NPs (<50 nm), might be challenging. Despite these
challenges the potential of this method to improve NP delivery in cortical tumors, including
pediatric tumors, remains untapped.

Microbubble Drug Conjugates: This approach aims to combine targeted BBB opening
with triggered drug release to improve drug delivery in the brain TME. While current
findings are promising, the fast bubble kinetics (a few minutes) and the requirement to
burst the bubble to release its cargo might affect the efficacy and safety, respectively, of
this approach. Despite these concerns, this strategy has been shown to provide unique
opportunities for delivering anti-angiogenic drugs in the brain TME and modulating the
BBB phenotype [95,101].
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Virus: While only a small number of studies have been performed in this direction,
demonstrating on average 2.6-fold improvement in delivery [99,100], the increasing
potential of viral therapy in mediating anticancer immunity [102], combined with the limited
bioavailability of the virus in the brain TME, creates unique opportunities for synergies with
MB-FUS. MB-FUS may also help address tradeoffs between virus size, which dictates its
ability to accommodate larger transgenes [103], and its penetration across the BBB/BTB and
into the TME.

Clinical investigations

In recognition of the potential impact of MB-FUS to improve the uptake and penetration of
drugs in the brain and brain TME, multiple clinical trials have been initiated (Table 2). These
clinical investigations have already demonstrated the safety and feasibility of MB-FUS
across different centers and for different devices [104-106], supporting the application of
this technology in combination with anticancer agents for the treatment of primary and
metastatic brain tumors.

For the treatment of GBM, which is a tumor with urgent need for new treatments [107],
MB-FUS has been combined with the current standard of care chemotherapy, temozolomide
(TMZ). While the preclinical data revealed equivocal results with this combination [68,70]
and dose-intensified TMZ protocols (without FUS) did not provide significant benefit in
survival [108-112] (i.e., suggesting that the limited efficacy is not due to limited delivery),
this combination coupled with information from surgical studies and analyses of molecules
in the tumor is already generating important data to further assess safety and move from
proof of principle investigations to clinically relevant treatment protocols [113].

An established chemotherapeutic agent that is not frequently used to treat brain tumors,
but has supportive preclinical data for treating GBM, is carboplatin. Current Phase I/11
clinical trials are establishing the safety of carboplatin combined with MB-FUS in patient
with recurrent GBM and also provide early evidence of therapeutic efficacy [42,114]. This
combination may also reveal if MB-FUS can re-purpose drugs with unfavorable PK/PD
profiles. Albumin-bound paclitaxel (Abraxane) is another FDA approved anti-cancer drug
that falls in this category partly due to its high toxicity and low penetration across the
BBB/BTB [90]. Currently, Abraxane is being evaluated in a Phase I/11 clinical trial with
MB-FUS in recurrent GBM patients. Of note, the preclinical investigations of Abraxane
plus MB-FUS did not demonstrate substantial improvement in survival [90], however the
investigators posited that the BBB/BTB in the preclinical animal models used did not
represent (i.e., they are leakier) the human BBB/BTB and anticipate that the combination
will lead to high differential effect in clinical trials.

Several investigations are also looking to assess the ability of MB-FUS to improve the
delivery of Abs and other drugs in the setting of metastatic brain tumors. While MB-FUS
may certainly have a variety of potentially beneficial therapeutic effects in the context of
brain metastasis, the impact of MB-FUS on BBB permeability is less clear. This is because
brain metastases (i.e., even very small tumors) have a leaky BBB/BTB, which can be
visualized early in their growth using contrast enhanced MRI, implying that the differential
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effect of this combination might be less pronounced. However, the relationship between
contrast enhanced MRI and Abs permeability still needs to be investigated in more detail.

Finally, fueled by promising preclinical studies [74], several investigators are planning

to combine MB-FUS with current and new drugs for the treatment of the notoriously
treatment-resistant pediatric brain tumor, diffuse intrinsic pontine glioma (DIPG). DIPG is
characterized by highly infiltrative tumor cells within eloquent brain regions and minimal
BBB/BTB leakiness. This constellation of features drastically lowers the therapeutic ratio
for most agents and points to a clear need for new treatment strategies.

Moving forward, it will be important to quantify changes in serum-to-brain drug ratios

or changes in brain concentration of drugs following MB-FUS, in addition to the overall
goal of assessing overall patient survival. Such investigations should be enabled by
advanced imaging (e.g., PET-MRI) of labelled therapeutics following MB-FUS treatments
to indirectly quantify and track delivery enhancements. In addition, window of opportunity
studies providing surgical specimens following drug MB-FUS combinations [113] will
enable direct analyses of delivered agents as well as early evidence of biological effects and
treatment responses that will support better patient stratification in Phase 111 trials.

Therapeutic US Technology

The aim of therapeutic US systems is to deliver the required acoustic energy at the

tumor core and infiltrating margin while sparing healthy tissue. Although technically it is
straightforward to focus the US beam deep in the tissue, it is particularly challenging to do
so through the skull. This is because the skull, which comprises the highly porous trabecular
bone (diploé) sandwiched by two cortical tables, induces significant losses (absorption,
scattering, and reflection) and aberration (refraction and skull heterogeneity) to the US beam
[115-117], which are especially severe in patients whose skulls have low ratios of diploe

to cortical bone (i.e., skull density ratio — SDR < 0.45) [14,118]. The presence of the skull
also makes it difficult to predict the focal pressure, which is critical for attaining MB activity
at levels pertinent to safe and effective BBB opening. To mitigate these challenges, several
approaches and systems have been developed (Figure 3 and Table 3) that are currently

under clinical or preclinical evaluation for targeted drug delivery in the brain. While this
review is primarily focused on the state of the art along with current challenges and

future developments of this technology, for a historic perspective we direct the reader to
other review papers and textbooks, which also include early approaches and designs of the
systems described herein [14,119,120].

Targeting the Tumor

To reduce skull related losses, trans-skull US systems operate at much lower frequencies
than other therapeutic and diagnostic US scanners (i.e., below 1 MHz). Additionally, they
make extensive use of at least one of the following: intraoperative MRI, preoperative

CT, and real-time mathematical modeling of sound propagation (i.e., aberration correction
algorithms). The trans-skull MR guided focused ultrasound (MRgFUS) system, which
builds on the technology originally developed for thermal ablation [121-123], and as such
retains most of the functionality of these systems, is the most advanced system. Trans-skull
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MRgFUS systems employ intraoperative MRI for localizing the tumor and registering the
US system to patient’s brain. Following target identification, preoperative CT datasets —
from which the CT Hounsfield Units (HU) have been converted to density, attenuation, and
speed of sound maps through semi-empirical models or measurements [116,117,124] — are
registered to the MRI frame and used for /n situ aberration correction. These corrections
are determined using a range of methods, such as ray tracing and time-reversal processing
[124-130]. In ray tracing, used for these current clinical systems [125,131], aberration
caused by the skull to the beam is determined for each element, and appropriate time delays
are applied to focus and steer the beam of the system to the desired location in the brain.
The amplitude of the emitted signal can also be used account for the losses, although for
frequencies below 500 kHz, this is less critical [115-117]. The trans-skull MRgFUS system
used in the clinic (e.g., ExAblate) is a hemispherical phased array, composed of a thousand
elements with central frequency at 220 kHz and can effectively to target noninvasively brain
tumors at different locations with subwavelength precision [104,132]. The large aperture

of these arrays enables very tight focusing (focal spot full width at half maximum is
approximately 2 mm transverse and 7 mm in the axial direction [133,134]) and large beam
steering. Multiple non-overlapping sonications (up to 32 sub-targeted 10 ms bursts at 1 Hz
repetition frequency; 32 % duty cycle) can be performed to cover larger volume. While

the targeting precision with these arrays and methods is considered excellent for most
applications, developing arrays with more elements (i.e., ten thousand or more) remains an
active area of research, as such arrays could lead to more effective (i.e., theoretical limit)
aberration correction and beam steering. However, cost and engineering challenges need to
be overcome to make these arrays a reality.

Despite the unique features of current MRgFUS systems, the use of intraoperative

MRI, which is essential for monitoring thermo-ablative interventions via MR temperature
imaging, is potentially not necessary for monitoring and promoting purely mechanical
effects (i.e., those due to acoustic cavitation and/or stable MB oscillation). As a

result, neuronavigational systems that employ neurosurgical stereotactic guidance, wherein
targeting and aberration correction is based on the stereotactically registered FUS array

to the patient’s head and CT, respectively, have been proposed and are currently under
evaluation in the clinic [106,135]. The main advantages of these systems are their lower
operational cost, as they do not need intraoperative MRI, and portability. However, the
targeting precision is similar to the standard stereotactic systems used in neurosurgery,

and less than that of the MRgFUS systems (Table 3) [136]. While it is not clear what

is the required targeting precision for targeted drug delivery in brain tumors, a potential
challenge with this approach (and systems) is that it requires maintaining the registration
during the treatment, which is not trivial, especially for larger treatment volumes (i.e., long
treatment duration). To mitigate this challenge, multiple phased arrays attached to a 3D
printed scaffold based on the CT scans of the patients have been proposed [137]. While
these helmet-like constructs that conform to patient skull may provide a more robust solution
to registration errors during the treatment, they do not solve this problem completely as
the large area they cover might exaggerate small registration errors. Nevertheless, these
approaches are very promising as they may provide systems with targeting, steering, and
monitoring capabilities that do not rely on intraoperative MRI.
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An alternative approach that may allow for real-time adjustments in the registration is based
on intraoperative US imaging (US guided therapeutic US phased arrays) and fusion of

the US images (e.g., of the skull) with diagnostic MRI and CT, and by extension of the
therapeutic US phased array [138]. As we elaborate below, the use of US imaging arrays

is also important for monitoring and controlling acoustic cavitation in the brain; hence
addressing challenges associated with poor US image quality due to imaging with sparse
arrays, which limits the registration accuracy with MR/CT images, may make this approach
a viable and potentially very precise alternative for MB-FUS brain therapy.

While increasing the number of elements can improve performance, reducing the number
of elements, and thus the electronics required to drive these arrays, can simplify the system
and its use, while drastically reducing its cost. To this end, US implants based on the

direct placement of the transducer on the dural surface via a small craniotomy used for
tumor resection have been developed and successfully tested in the clinic [139]. Despite the
simplicity of this system, which is amenable to the widespread use of this technology, a
potential drawback of this approach is that is highly invasive and feasible only after tumor
resection that may ultimately limit its use for non-resectable brain tumors. This limitation
could be mitigated by single-element systems based on neuronavigational guidance [135],
though skull aberrations may limit their performance. This challenge can potentially be
addressed by employing a patient specific 3D printed acoustic lens for aberration correction
[140-142]. While the use of lens limits the highest pressure that can be delivered to

the focus, this approach does not require craniotomy and, for drug delivery applications,
the required pressure levels are not very high (i.e., below 1 MPa peak negative). More
research in this direction, potentially using metamaterials or other methods [143], along with
addressing positioning challenges of the lens with respect to the skull is warranted.

An interesting potential approach to focus the beam through the skull is based on Lamb
waves [144,145], whereby US waves generated by wedge shaped transducers can be guided
through the skull, and when they leak out (i.e., the US is radiated as longitudinal waves

in the brain) can focus the beam at the hard-to-target brain locations immediately below

the skull [146]. Despite promising early findings, mostly based on numerical simulations,
the focusing ability and efficacy of this method must be studied more rigorously and
demonstrated experimentally.

Excitation Transducer Technology

Largely, US systems for targeting brain tumors have so far relied exclusively on
piezoelectric transducers. Transducers based on piezoceramic materials have high
mechanical impedance as compared to liquids and therefore can be tuned to generate large
displacements over a narrow frequency band, which makes them natural sources for the
low frequency, high pressure ultrasound transmission needed for trans-skull US [154,155].
While these characteristics are critical for thermal ablation, for BBB opening, where
acoustic power output requirements are more than an order of magnitude lower, alternative
technologies might be relevant and potentially more appropriate [15,156]. Most notably,
recent developments in piezoelectric micromachined ultrasonic transducers (PMUTS) and
capacitive micromachined ultrasonic transducers (CMUTS) indicate that these devices
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could generate acoustic intensities suitable for BBB opening [157,158]. Furthermore,

these micromachined devices, which are MR compatible, offer the advantage of integrated
electronics supporting dense 2-D arrays with manageable cable count and improved control
of acoustic wavefronts [158,159]. The latter can allow for dual mode operation, potentially
allowing to design high performance MRgFUS and/or USgFUS systems for targeted drug
delivery in brain tumors. These technologies are summarized in Table 3.

Microbubble Technology

Microbubbles are a key component of FUS mediated drug delivery in brain tumors. As
we summarize in Table 4, the MB size (mean diameter and distribution), shell properties
(thickness and composition), and gas core can vary considerably between commercially
available formulations, which in turn can affect both their response to sonications and
their half-life [160], and, by extension, their ability to modulate the BBB and brain TME.
Additionally, while up to five times the typical clinical dose of MBs used for diagnostic
imaging is considered safe [133], the optimal concentration and maximum tolerated dose
for human therapies remains an open question [161]. While several studies have assessed
the impact of MB properties on BBB permeability [162], no systematic investigations have
been performed in brain tumors. Hence, current evidence, including the discussion below,
can only be used to make inferences about the impact of MB properties in modulating the
brain TME and the extent to which they can be tuned to attain specific responses.

The effect of MB size:

Commercial MBs are typically 1-4.5 pym in diameter, consist of a gas core encapsulated by a
stabilizing shell and, have a mean half-life of less than 5 min (Table 4) [163]. While bubbles
smaller than 1 pum are possible (termed nanobubbles [163]), bubbles larger than 8-10 um are
cleared very quickly, setting an upper limit on their effective size. Early investigators have
indicated that larger MBs (4-6 um in diameter) lead to larger BBB permeability increase that
takes longer to return to baseline permeability [38,164-167]. Although the exact reason is
not well understood, it is hypothesized that the mechanisms of action (and interaction) of
the MBs on the vasculature, particularly in capillaries, (Figure 1) are more pronounced for
larger bubbles. Interestingly, for larger MBs their resonance, which is largely governed by
their size [168,169], is closer to frequencies used in the brain (below 2 MHz), making their
oscillation more pronounced for a given focal pressure.

Investigations by McDannold et al. indicate that BBB opening is characterized by the
Mechanical Index - Ml (i.e., a higher pressure is required to open the BBB when a higher
frequency is used; see Box 1) [170], suggesting that resonant effects are highly damped

in the brain capillaries. Of note these investigations have been performed with commercial
MBs that are characterized by reasonably high polydispersity [171]. The latter contributes
to a wider range of behaviors within a MB population that may in turn overshadow
resonant effects. More recently, Song et al. proposed the MB gas volume as a unified dose
parameter of MB effects on BBB, with larger total volume leading to higher BBB leakiness
[171,172]. Notably, this metric, which allows to take both the MB size and concentration
into consideration, excludes resonant effects. Interestingly, recent investigations using
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phospholipid MBs with different size and distribution, while controlling for MB gas volume,
found that changes in BBB permeability and immune phenotype correlated with bubble
size, highlighting the importance of MBs size towards attaining distinct changes in BBB
phenotype [38]. However, when assessing the effect of size, accounting for circulation time
is also critical [173].

The effect of MB shell: The MB shell, which stabilizes the MB by providing a diffusion
barrier to the encapsulated gas, is typically composed of lipids, proteins, or polymers, and
directly impacts their behavior, including circulation half-life (or dissolution) [160] and
probability of inertial cavitation [174]. Trying to elucidate the role of MB shell properties
on BBB opening, McDannold et al. demonstrated that MBs with shell made of human
serum albumin (Optison) produced a larger BBB opening than phospholipid shell MBs
(Definity®) under similar acoustic exposure. However, in their investigations they used the
clinical dose of each formulation, which resulted in higher gas volume for Optison MBs
[175]. This comparison (i.e., Optison vs Definity) has been repeated recently under the same
gas volume (1.1-1.2 uL/mL), where the assessment of Evans blue leakage indicated higher
BBB permeability with Optison MBs as compared to Definity [176]. Of note, in this study,
the investigators tried to match the acoustic emissions between the two agents, which led to
the use of higher pressure for Optison. Although the relevance of MB acoustic emissions to
the observed changes in BBB permeability is an active area of research (see next section)
and determining the focal pressure in rodents is always challenging [32], these findings
suggest that the shell properties should be taken into consideration for predicting changes

in BBB permeability. This is reinforced by investigations that employed MBs with the same
shell material (Definity® and SonoVue®; both are made of phospholipid shell) that showed
similar effects under the same exposure conditions and MB concentration [177].

Surface charge (or the addition of targeting ligands) could be used to further increase MB
specificity and potency by maximizing their contact (or minimizing their distance) to the
vessel wall through interactions between, for example, a positively charged (cationic) MB
shell and the negatively charged cell membranes of the NVU [162]. However, shell charge
can affect the clearance rate [178,179]. Although some studies have reported longer half-life
for cationic MBs [180], it is important to balance their interaction and retention with the
vessel wall and the brain TME, respectively.

The effect of MB gas:

The encapsulated gas is typically a heavy molecular weight, inert gas that is characterized
by low diffusivity across the shell wall and low solubility in the surrounding medium, such
as perfluoropropane (CsFg) or sulphur hexafluoride (SFg) (also called 2"d generation MBs:;
15t generation MBs used the higher diffusivity air), to improve the bubble half-life after
injection [199-201]. Unless a reactive gas is encapsulated, the effect of gas core on the BBB
opening should be fully described by the MB half-life, with longer half-lives leading to more
robust BBB opening [202].

Additional research to link MB properties with specific changes in the structure and
function of the N\VVU and brain TME and how they are related to the exerted strength
of the circumferential and shear stresses will greatly facilitate the advancement of this
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technology. Efforts to maximize the BBB permeability should also take into consideration
that its magnitude enhancement correlates with the transcription of several key inflammatory
mediators, including 7nf, lcam1, Cc/5, and //16[203], which imposes an upper limit for
obtaining safe BBB opening, at least in healthy brains.

Monitoring and Control of Microbubble Activity

As we alluded to above, monitoring (detection, characterization, and localization) of the
cavitation activity is essential for safe and effective treatment of brain tumors with MB-FUS.
Before we describe the main components and approaches currently used in preclinical and
clinical systems to guide this intervention, we will briefly introduce the origin of the signal
used to detect and characterize cavitation during MB-FUS.

Acoustic Cavitation and Emissions

When excited by the therapeutic ultrasound pulse, MBs are driven into dynamic oscillatory
behavior, whose character is governed by the amplitude and frequency of the excitation
wave. The vibrating bubbles in turn radiate waves termed acoustic emissions (AES).

These emissions may be detected noninvasively with acoustic transducers (see Detection
Transducer Technology) and serve as the primary proxy for monitoring MB behavior.
Broadly, this activity is characterized into two regimes: stable cavitation and inertial
cavitation.

Stable cavitation that is induced at lower applied pressures manifests as integer- and half-
multiples of the excitation frequency. For instance, for a therapeutic pulse with frequency

1y, the echoes re-radiated by stably oscillating bubbles will contain harmonic content at
0.57 (subharmonic), nfy (harmonics), as well as (n7+ 1/2) f (ultraharmonics) [204]. As
summarized in Figure 4, stable cavitation has been associated with safe opening of the BBB.

On the other hand, the onset of inertial cavitation typically occurs at higher applied focal
pressures (mechanical index near 0.4), wherein overexpansion and subsequent collapse of
the bubble due to the surrounding fluid’s inertia gives rise more violent mechanisms such as
jetting [205-207] and ablation (i.e., for long pulse durations) [208,209]. In BBB-disruption
experiments, the presence of broadband AEs has correlated well with instances of tissue
damage (Figure 4). As the collapse events are transient in time (tens of nanoseconds),
inertial cavitation increases the baseline broadband frequency content (figure 5), which
serves as a reliable indicator for the presence of inertial cavitation [35,210-212].

While the presence of sub- and ultraharmonic emissions in the absence of broadband is

a well-established metric of stable cavitation, recent evidence has linked this acoustic
signature to tissue damage [32,210]. Indeed, vigorous stable MB vibration can affect

cell membrane processes both mechanically (e.g., through sonoporation [213,214]), and
biochemically (by affecting endocytosis [215]); however, measurements with more sensitive
detection capabilities (see Detection Transducer Technology) to confirm that in these
investigations broadband emissions were indeed absent and not simply below the detection
limit of the system used, are needed before entertaining these possibilities. Either way,

the importance of detecting and characterizing AEs is central to effective therapy, thus
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techniques and technologies to this end are of great importance to MB-FUS and its
translation to the clinic.

Passive Cavitation Detection

Passive cavitation detection (PCD) is achieved using one or more piezoelectric transducer
elements operated in listen-only mode, whose field of view is aligned with the focal

region of the therapeutic transducer. Recording the MB emissions during the application

of US allows characterization of the cavitation based on the signals’ spectra. PCD has
several attractive features. Because typical therapeutic pulses have duration on the order of
milliseconds, they comprise hundreds of acoustic periods, and thus their harmonic content is
well defined. Additionally, the central frequency of these pulses is in the low kilohertz range,
such that a receiver with bandwidth of order 1 MHz is sensitive to many harmonics and
ultra-harmonics. For these reasons, PCD has been widely adopted as a means for acoustic
therapeutic monitoring [216-219]. Additionally, piezoelectric elements are relatively cheap
and robust, such that their incorporation into transcranial FUS systems is simplified [220].
A critical component of the detection is the processing of the recorded emissions, such as
filtering and spectral analysis of the recorded echoes, including transient cavitation events
[221,222]. The latter, the acquired data is implemented in real time using fast Fourier
transform (FFTs) with modest computing resources [56] and the data are presented are either
as arbitrary units or in decibels (dB) using as reference AE from sonications in the absence
of MBs.

Use of PCD for a range of treatment parameters, including MB type and dose

[164,165], cavitation thresholds [30,223,224], and pulse durations [225,226], has led to

the identification of acoustic signatures (e.g., strong harmonics in the absence of broadband
emission) for safe and reversible BBB opening [227] (See Figure 4 and Suppl. Table 2).
However, a primary drawback of PCD is the lack of localization; while it may detect the
presence of cavitation, it cannot confirm its colocation with the treatment area. This is

not a major limitation for preclinical investigations in rodents, but for clinical translation
spatial information is critical for minimizing false positives (i.e., from MBs from different
locations, including outside the brain).

Passive Acoustic Mapping

Passive acoustic mapping (PAM), also called passive cavitation imaging (PCI) [228], uses
a geometrically registered array of receivers to beamform the recorded MB emissions

to determine their location. In addition to the valuable spatial information, PAM also
benefits from improved sensitivity, as it exploits the coherence between signals, which
effectively enlarges the aperture of the receiver [229,230]; such sensitivity is important to
reduce false negatives (e.g., cavitation not detectable by PCD). Several techniques have
been proposed to combine the individual receivers’ signals to form an image (a process
termed “beamforming”; see Table 5). In time domain PAM, signals from each array element
are delayed in time (corresponding to the time-of-flight between a pixel in the image

and the element) and then added, such that pixels containing sources will have strong
constructive interference [231-234]. Time domain PAM is a robust technique that may be
extended to account for arbitrary array geometry [235,236], skull aberrations (by adjusting
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the time-of-flight [237,238]) and to improve resolution (by carefully adjusting the relative
amplitude of each channel [234,239-241]), but remains computationally expensive. While
real-time implementations have been demonstrated, these require graphical processing units
(GPUs) [242,243] and data filtering to isolate different spectral components of the acoustic
emissions [244].

To allow for frequency selectivity and improve the computational cost of PAM, methods that
operate in the frequency domain [228,245] and spatial frequency domain (or wavenumber
domain) [230] have been proposed. These methods offer more efficient calculations (up to

a hundredfold reduction in the order of the number of required calculations) by evaluating
smaller portions of the spectra or potentially by considering decimation of the time series
[246]. While early implementations assumed uniform sound speed, recent investigations
have extended these methods to account for skull aberration [247]. Together with their
ability to form maps at frequencies pertinent to MB oscillation type make frequency domain
PAM ideal for spatiotemporal monitoring and control of MB dynamics (see Detection
Transducer Technology). While the systems for PAM (time or frequency domain) come with
increased complexity and cost, we anticipate that their high sensitivity and the importance of
localizing MB activity, which could happen at different locations concurrently (e.g., outside
vs inside the brain), will outweigh the advantages of simpler acoustic emission systems.

A remaining challenge in acoustic emissions based monitoring is the lack of a system-
independent method to quantify the emissions and their spectral components [171].
Quantifying the AE in decibels is suboptimal and hinges on the reference data used and
their spectral content (e.g., background data often contain harmonics). Moreover, metrics
like cavitation dose (i.e., the integrated area under the spectrum compared to the baseline
measurement over frequency bands of interest) [248,249], which have been shown to
correlate well with intended bioeffects, rely on the instrumentation used and its sensitivity,
SNR, etc.. Also, the term dose might be misleading for an emitted quantity. A more
universal means of quantifying the acoustic cavitation will be a breakthrough in this field,
as it would allow to take MB-FUS away from experts, while facilitating both translational
research and clinical implementation of different treatment protocols and across different
centers. Advanced calibration methods that will take into account the impulse response
function of the receivers, in addition to absolute calibration methods, will likely be critical
moving forward.

Real-time Control of Microbubble Dynamics

Despite the enormous potential of MB vibrations to promote mass and drug transport in the
brain, an outstanding question in the field is how to control the MB dynamics in the brain.
As discussed in the previous section, PCD and PAM methods enable real-time detection,
localization, and characterization of the cavitation activity from their acoustic emissions.
Based on these inferences, the excitation pressure (i.e., the applied US energy) can then

be tuned to reach and maintain a specific level of MB emission correlated with reversible
BBB opening, while simultaneously monitoring to limit the presence of damaging inertial
cavitation. However, the relatively fast MB clearance, as well as the limits on the number
of MBs administrated to patients imposed by FDA, imposes stringent time constraints for
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tuning and optimizing the sonication per patient and per target. As such, several approaches
have been developed for tuning the excitation pressure, including open and closed-loop
controllers of the bubble dynamics, in real time.

Broadly, cavitation controllers use the spectral content of the MB emissions, measured

via PCD, as a state observer (i.e., a proxy measurement) to infer the MB dynamics, and
then enforce a control law (an algorithm based on the value of the state observer) to
change the applied acoustic energy to obtain a desired level of cavitation (Figure 5). The
state observer is usually based on harmonic [35,56], subharmonic [250,251], ultraharmonic
[252,253], or broadband emissions, or some combination thereof [229,254]. Additionally,
metrics such as the stable cavitation dose (SCD) or inertial cavitation dose (ICD), may be
state observers [255-257]. The optimal frequency content measurements to use depends on
the particular apparatus (e.g., it will be influenced by the detection transducer’s sensitivity
and bandwidth), but for BBB disruption the aim is achieve robust stable cavitation, while
avoiding (and mitigating) the occurrence of damaging inertial cavitation.

The chosen state observer metrics are fed into the control law, which dictates whether to
increase or decrease the ultrasound pressure, or even alter sonication pulse length [258].

It was proven that all the aforementioned state observers were strong indicators of BBB-
opening. However, when designing a controller (especially for clinical purposes), choosing
a frequency band of interest to be used in the state observer is a critical component due

to the transcranial energy loss. Although current clinical systems monitor sub-harmonic
emission due to its superior transcranial efficiency associated with low losses, different
state observer such as harmonics and ultra-harmonics can also be chosen depending on

the driven frequency of the FUS and sensitivity of the system. In static law controllers,

the control law is prescribed a priorito tune the sonication to achieve the target level
[35,210,250,255]. Current clinical systems (e.g., ExAblate) employ one such controller
proposed by O’Reilly and Hynynen, wherein the pressure continuously increases by fixed
increment, and then halves the FUS pressure when ultraharmonic signals are detected
[252]. A similar static law controller designed by Kamimura proceeds until broadband
content (inertial cavitation) is detected [255]. While this algorithm contains feedback (from
broadband emissions), we will consider it as open-loop since the control law does not alter
pressure step size. Additionally, a “manual” control approach based on harmonic emission
strength measurements was proposed [35]. Harmonics constitute the strongest signal emitted
by the oscillating bubbles, as a result they can support controllers with high SNR. This
approach also allows tracking of the MB kinetics during the sonication, providing additional
information towards treatment monitoring and verification as well as providing important
information for activating/deactivating the controller.

Due to the characteristics of static law controllers (e.g., the applied pressure level increases
slowly until a certain acoustic emission threshold to avoid overshooting the target), safety

is ensured by reducing the preset threshold; this aspect is attractive enough to facilitate

the clinical transition of static law controllers [104,259]. Despite these benefits, a major
drawback of static law controllers is the long time required to attain the desired state (rise
time) associated with the relatively small pressure increments. While the rise time might not
be detrimental for a single target, to cover the entire tumor, most treatments involve more
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than 30 targets in which the pressure must be adjusted individually. Additionally, because
the control law is predetermined (i.e., the pressure step size is small and unchanged), they
have limited ability to respond to sudden changes in the acoustic emissions during the
sonication (e.g., uptake or washout of the bubbles).

To mitigate the challenges, dynamic controllers have been recently proposed. Dynamic

law feedback controllers have a control law that may depend on the observed acoustic
emissions. For instance, the pressure increment may depend on the difference between the
target level and the last measured level. Typically, the control law adjusts the pressure
increment proportionally to the difference between target output state and current output
state [229,251,253,254,258]. These methods have resulted in robust BBB opening and
effective drug delivery in rodents, supporting further developments [254]. A potential
challenge for closed-loop controllers is that their operation might be affected by the fast
MB clearance and the associated decay in the acoustic emissions over time. To minimize
this effect, a continuous MB infusion is often used [35,253,255,256]. In some controller
algorithms, bolus injection [250,254] or bolus and infusion combined [56,252], or bolus
injection combined with inactivation of the controller after fixed duration (e.g., 25 seconds)
[254] has been adopted. Importantly, both for open and closed-loop controllers, arrival of
microbubbles to the brain as well as the decaying concentration after bolus injection should
also be accounted for during optimization of the control law (i.e., determining the threshold
level of cavitation).

In addition to detecting and controlling the MB emissions, knowing their location is of
particular importance due to the high likelihood of emissions from gas trapped on the skin
or in the coupling medium to interfere with the acoustic emissions from the targeted region
and render the recordings unreliable. Recently, a closed-loop dynamic law controller of MB
dynamics that allows for the concurrent detection and local control of the MB dynamics

has been proposed [229]. A key finding of this paper was the ability to control locally the
MB dynamics in the presence of cavitation activity at multiple regions. They also showed
that the controller had very high tolerance (within 10% of target) and was robust across a
range of conditions. Demonstrating spatiotemporal control in vivois the next critical step to
move this technology to the clinic and towards developing tunable systems for targeted drug
delivery in brain tumors. Likewise, identifying ways to link the MB emissions with changes
in MB radius to directly control the MB dynamics (radius vs time) [260-262] will allow to
better define and refine spatial and temporal treatment windows and potentially move closer
to developing universal means of quantifying and controlling the acoustic cavitation /n vivo.

Detection Transducer Technology

The detectors for monitoring and controlling FUS treatments via PCD or PAM (Table 6)
should have high sensitivity and low noise over a broad bandwidth to detect stable and
inertial cavitation (Figure 5). Experiments and simulations indicate that in order to detect
acoustic emissions from single oscillating MB (stable cavitation) after 15 cm of propagation
(i.e., middle of the brain) and through intact skull, one needs to measure pressure levels

as low as 0.5 Pa over megahertz bandwidths with reasonable signal to noise ratios [263].
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Ideally the detection systems should be sensitive to these levels in addition to providing
spatial information [138,264].

While several technologies for detection are currently available, current clinical systems

use high power, electrically tuned narrow bandwidth thickness mode piezoceramics that

are sharply tuned at the subharmonic emissions. To improve detection at other harmonics,
concentric piezoelectric transducers tuned to both subharmonic and harmonics are used to
capture the spectral components required to assess stable cavitation with high sensitivity
[104,266]. This approach however is not optimal for detection of broadband emissions

to determine the onset of inertial cavitation. To overcome this limitation broadband
receivers made from thin piezoelectric films like polyvinylidene fluoride (PVDF) or damped
piezoelectric ceramics have been proposed, albeit with limited sensitivity [138,252,264].

By integrating diagnostic ultrasound imaging arrays to the FUS system can provide spatial
mapping of MB activity with good sensitivity [230]. However, this approach requires
imaging arrays to be sensitive to the lower harmonics, which is not always the case. Also,
due to the use of ID arrays, it is limited to cross sectional (2D) mapping of cavitation
activity. For volumetric mapping, 2-D sparse receiver arrays tuned to harmonic frequencies
are integrated either between the transmit elements or collocated with the transmit elements
using innovative designs where multiple lateral mode piezoelectric tubes resonating at
fundamental and harmonic frequencies [137,138,266]. These systems provide sufficient
sensitivity at harmonic and subharmonic frequencies for controller operation. However,

a potential limitation of this approach is the lack of sensitivity to broadband acoustic
emissions for inertial cavitation detection and complex device construction [137,266]. To
overcome the bandwidth limitation, separate highly damped single piezoelectric ceramic
transducers are used as broadband detectors with adequate sensitivity, but these approaches
do not provide spatial information [252]. In some other implementations, broadband PVDF
transducers are integrated as a thin film on piezoceramic transmitters [264,276]. While this
approach enables broad bandwidth operation and spatial mapping, the inherent sensitivity
limitations of PVDF and complexity of array construction might limit its broader adoption.

Finally, newer microfabricated ultrasound transducer (MUT) technologies such as CMUTs
[277,278] and PMUTSs [267], and acousto-optics [275] have demonstrated substantial
benefits over traditional piezoelectric elements in terms of bandwidth, flexibility, and
sensitivity—characteristics crucial for the successful detection of cavitation (Table 6). The
wider deployment and refinement of these devices for PCD and PAM may lead to very
sensitive systems for both basic research and clinical implementation of MB-FUS.

Biomarkers of BBB Opening and Targeted Drug Delivery

Assessment and quantification of the degree of BBB/BTB opening and correlating this with
therapeutic delivery is fundamental to effectively applying MB-FUS for improved brain
tumor therapy. This information can also be used to elucidate drug transport mechanisms,
reducing false negatives, and, by extension, improving treatment outcomes. As such, several
preclinical and clinical methods have been explored to assess NVU permeability and drug
delivery. Most notably, intravital microscopy has been utilized to collect quantitative time-
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lapse images of drug PK at single cell resolution and study the BBB permeability and
interstitial transport of chemotherapeutic agents in the brain TME [279]. This level of detail
has allowed to refine our understanding of MB-FUS mediated drug delivery (i.e., improved
interstitial fluid flow) and led to new MB-FUS-drug combinations for treating brain cancer
[58].

Despite the unique insights gained in the transport dynamics in the brain TME with intravital
microscopy, contrast enhanced MR, mostly based on gadolinium-based contrast agents, is
the current standard method for assessing BBB opening in both preclinical and clinical
investigations. Most notably, digital substruction (at steady state) of pre- and post-contrast
T1-weighted MRI has been used extensively for assessing the effect of MB-FUS in the

brain and brain TME [65,280,281]; while this is the current standard, for long treatment
times, MRI contrast agents with half-lives in the circulation longer than the half-life of
gadolinium (90 min, [282]) might allow the assessment of BBB opening under a single
administration. While this method is used to assess only the relative difference in BBB
permeability, Dynamic Contrast-Enhanced (DCE) MRI and calculated Ka"S values - a bulk
transport parameter that is dependent on both capillary permeability and perfusion - provide
a semi-quantitative method to characterize the effectiveness of BBB opening (increase in
Ktrans) 1281,283]. Another MRI method that can be useful for quantifying the effect on
MB-FUS in the brain TME is based on Dynamic Susceptibility Contrast (DSC; based on
T2-weighted) MRI. This method can be used to estimate blood volume and flow, vessel size,
and vessel permeability [284,285]. While contrast enhanced MRI has been used to assess
BBB opening in most clinical and pre-clinical investigations, when the BBB is already
disrupted, this method provides a less specific assessment of FUS-mediated changes in NVU
permeability. Moreover, the different pharmacokinetics of MRI contrast agents compared
with anticancer drugs may limit their predictive utility as surrogates of therapeutic agents
delivery [65,286].

Labeling the drugs with MRI contrast agents (or PET tracers) will likely lead to more
specific and effective methods for monitoring MB-FUS drug delivery in brain TME

[287]. Unfortunately, these methods cannot discriminate between vascular and perivascular
delivery with deep drug penetration (>>20 pum) and cancer cell uptake. However, combining
them with ex vivo analysis of drug penetration and function using microscopy may allow to
mitigate this limitation. A key advantage of labeling drugs with PET tracers is their superior
sensitivity and ability to quantify drug delivery [288]. Moreover, PET imaging, for example,
with [18F]-DPA714, which is a biomarker of translocator protein (TSPO) [289], can be used
to assess MB-FUS drug delivery and changes in the TME (e.g., for immunomodulation or
immunotherapy) [50]. However, PET tracers are short lived and require extended facilities
(e.g., cyclotrons), which may limit their widespread use.

Perspective

Next Generation FUS systems

CMUTSs have much larger bandwidth as compared to more conventional piezocomposite
receivers [277,278], and are ideal for PAM especially when integrated with low noise
electronics that can further boost their performance [269-271,290]. While CMUTSs present
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some challenges with their inherent nonlinearity and DC bias requirement, initial studies
indicate that by proper biasing and signal processing these hurdles can be overcome [271].
CMUTSs can also be useful for integrated ultrasound imaging of the skull surface for CT
registration for FUS. They have also been combined with piezoelectric transducers for high
pressure generation at low frequencies [272]. The frequency response of the CMUT array
can be adapted by adjusting the DC bias on the device [273,291], potentially supporting

the development of therapeutic US systems with multimodal operation (Figure 2). Though
their bandwidth is less than that of CMUTSs, PMUTSs can also be used as PAM receivers and
receiver arrays [267].

The possibility of 2-D array implementation with arbitrary geometries, tight electronics
integration, and local signal processing/filtering capabilities with CMUTs and PMUTSs offers
some unique opportunities for FUS and PAM [268,292]. These developments, mainly driven
by portable point-of-care ultrasound and wireless technologies for data transmission and
control, can have significant impact in this area, especially as the need for portable and
conformal systems grows. Given the 3-D imaging performance of most recent CMUT based
handheld probes with 9000 elements [274] with a single cable connection, low power FUS
treatment while using an array of these probes for full skull surface mapping for CT image
registration and MB mapping with PAM is not a stretch of imagination. Similarly, wireless
ultrasound imaging, control and data readout can dramatically reduce the size of the FUS
systems and make them part of the point-of-care ultrasound arsenal for clinical use (Figure
3) [293].

Evidently, significant progress has been made in targeting brain tumors with FUS with
several systems already available in the clinic and many new approaches and systems
under evaluation (Table 3). Moving forward it is expected that current aberration correction
methods, most likely in combination with sound propagation toolboxes that provide a
more complete description of the physics, will be shared among the different systems
[294-298]. Due to improved aberration correction, registration errors and estimation of the
skull acoustic properties and microstructure will also become increasingly important as
will research to correct them. For instance, methods that infer the appropriate phase and
amplitude of each element by maximizing the local displacement induced at the targeted
location by the radiation force of transmitted ultrasonic signals, as imaged by MR-Acoustic
Radiation Force Imaging [129], can help account for these errors. Likewise, echo focusing
techniques that rely on the sound scattered by intravenously injected MB can provide an
alternative adaptive method to improve focusing [299].

Moreover, identifying new ways to study transcranial sound propagation might also lead to
systems with improved performance. For example, an approach that has shown promising
results for brain imaging [300], but has not been tested in the context of FUS therapy and
aberration correction, is based on wave-equation inversion methods. These methods aim

to minimize the mismatch between waveforms propagating through the skull in simulated
and experimental data. While this approach it is still in early days, attaining a good match
between simulated and experimentally observed waveforms may lead to a very accurate
estimation of the required frequency-dependent phase and amplitude of each element for
transcranial focusing. To demonstrate the principle, challenges associated with element
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location and impulse response function between the experimental data and simulations along
with improved computational efficiency need to be addressed.

Finally, targeting of the tumor, microbubble modeling, and control has thus far largely relied
on classical physical models, signal processing, and control theory. The recent proliferation
of machine learning and deep learning techniques in problems of acoustics [301] and
diagnostic ultrasound [302,303] may well find use toward this complex clinical problem.
Particularly, optimization of the myriad treatment parameters as well as estimation of
cavitation thresholds and control may be enabled by such networks, provided the large

sets of labeled training data they require can be made available.

Overall, it is envisioned that improved i) registration accuracy, ii) estimation of the skull
properties, and iii) computational efficiency of the different aberration correction methods
along with adaptive beam focusing capabilities, potentially based on second order effects,
will characterize the next generation systems that aim to attain high targeting precision, large
treatment envelope, and cost effectiveness. New transducer technologies may also lead to
more integrated and sensitive systems, thereby enabling treatments with large therapeutic
windows (spatial and temporal) to increase drug efficacy with minimal side effects.

Next Generation “Bubbles”

As discussed above, FUS-MB studies have largely relied on encapsulated microbubbles
whose design was motivated by applications in contrast imaging (Table 4). It is evident
that the design of MB formulations for modulating the brain TME, should consider

MB’s physical properties (size, distribution, charge, etc.), resonant effects, half-life, and
acoustic emissions along with detailed assessment of key biological variables (BBB
permeability, Tight Junction expression, inflammatory markers, etc.), Understanding how
the MB properties affect their echoes, half-life, and changes in the BBB phenotype is the
next critical step towards designing the next generation MBs for MB-FUS with the goal to
increase the treatment window for safe and effective drug delivery in brain tumors.

Recently, new classes of acoustic particles have emerged [163,304], including phase change
contrast agents [305-307], particles with shell inclusions (such as dyes or magnetic
nanoparticles), nanobubbles [253,308,309] and even biologically engineered gas vesicles
within the cells themselves [310-312]. In addition to BBB opening, the goal with these
nano-formulations is to promote MB-related effects (Figure 1) within the interstitial space
and to the cancer cells. While, current formulations are much larger than the average pore
size in the brain (typically below 60 nm) [313], more refined designs and sonication schemes
may allow to overcome this limitation.

FUS Immunomodulation and Immunotherapy

The distinct immunological characteristics of the CNS and brain tumors, combined with the
comparatively limited impact of immunotherapy on intracranial malignancies, highlights the
need for new methods to increase the communication and therapeutic trafficking between
the brain TME and the immune system [314,315]. Although MB-FUS has been primarily
considered as a drug delivery technology, increasing evidence suggests that it can also

be used to facilitate these interactions. While many potential mechanisms of FUS-based
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immunomodulation and immunotherapy exist [16], current evidence highlights three main
avenues.

The first is improvement of penetration of immunotherapeutic agents [50]. As we alluded
to, MB-FUS was able to improve the uptake and efficacy of anti-PD1 and anti-CD47
monoclonal Ab in glioma (GL261) mice tumor models [50,51]. Interestingly, more anti-
CDA47 was delivered to the tumor when it was administrated after the sonication (as
compared to pre-MB-FUS). While the reason for the improved uptake is not clear, the
specific Ab targets the macrophages in the TME, which are known to be activated post-MB-
FUS [31,316-318], potentially implicating MB-FUS and BBB-opening associated priming
in anti-CD47 uptake. Considering the strong coupling of cancer cells with the cells of the
central nervous system [5,319,320] and the potential therapeutic activity of anti-PD-1 via
M1 polarization of the microglia [52], it is expected that combinations that aim to modulate
this interaction will be an active area of research over the next years.

The second mechanism is facilitation of the infiltration of immune cells in the brain

TME. Early evidence suggests MB-FUS leads to greater accumulation of HER-2 specific
NK-92 cells in a model of HER2+ breast cancer brain metastasis (administered prior to
MB-FUS) [39]. While this is another mechanism of action that remains poorly understood,
recent investigations, primarily in the healthy brains, have implicated downstream effects
from mechano-responsive and acute inflammation processes following MB-FUS [316]. It

is unclear if the observed responses are provoked directly by MB activity or indirectly

by the extravasation of plasma proteins like albumin and immunoglobulins into the brain
that in turn can promote immune responses [321]. The observed inflammatory cascade

can lead to release of damage-associated molecular patterns (DAMPS), pro-inflammatory
cytokines and cell adhesion molecules (CAM) [33,316], followed by the infiltration of
immune cells (e.g.e.g., neutrophils) in the brain parenchyma [322], and finally by the
activation of astrocytes and microglia, which can last up to several days [289,323]. While
recent studies reported similar responses into the brain TME [106], it remains unclear how
MB-FUS may change the trafficking of adaptive and innate immune cells as well as alter
the expression of cell adhesion molecules. It is also likely that tumor endothelial cells
already exist in a more activated state [324], hence the impact of MB-FUS might not be as
dramatic as it is in healthy brains or depend on the tumor model and type. These differences
are reflected in recent investigations that showed limited homing of activated T cells to
melanoma metastasis (B16F1ZsGreenOVA) brain tumors [324], while other investigations
using epidermal growth factor receptor variant 111 (EGFRvIII) chimeric antigen receptor
(CAR) T cells have demonstrated both increased homing and improved median survival in
NSG mice with EGFRvIII-U87 gliomas [51]. Longitudinal characterization of the impact of
MB-FUS on BBB/BTB phenotype and immune cell trafficking and function, across different
tumor models will be critical. In addition, leveraging closed-loop control and advanced

MB formulations [33,38,325] will help further advance MB-FUS immunotherapy and
develop effective therapeutic strategies based on highly tuned immuno-mechano-biological
mechanisms.

Third, FUS-immunomodulation may operate by improving antigen presentation either
within the brain TME or at the level of the meninges and cervical lymph nodes.
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This mechanism is supported by recent studies indicating increased shedding of cancer
associated molecules in the circulation [248,326] following MB-FUS. However, using the
B16F1ZsGreenOVA melanoma cancer cell line, which are stably transfected to express
MHC-restricted peptides derived from OVA in frame with ZsGreen fluorescent protein,
Curley et al. found limited evidence of increased antigen drainage to the lymph nodes

and associated dendritic cell activation and maturation [324]. Considering that antigen
presentation can lead to robust immune response (via DC priming and activation), these
findings are consistent with numerous investigations that assessed the impact MB-FUS alone
on survival in immunocompetent murine brain tumor models (i.e., the control group in the
studies reported in Table 1) and have not reported a statistically significant improvement
in survival (Suppl. Table 3). While these findings suggest that this mechanism of action

or mode of ultrasound are unlikely to be sufficient to promote robust immune responses,
the potential impact of MB-FUS in improving antigen presentation in combination with
immunotherapies should be considered.

Looking forward immunotherapeutic combinations with FUS are one of the most promising
lines of investigation and potential anti-cancer treatments. Given the complexity of
immunotherapeutic delivery in the CNS and the highly immunosuppressive nature of many
brain TMEs, accurately modelling and evaluating the biology of treatment responses will
be critical. This can be accomplished by leveraging advanced analyses of tumor immune
phenotype and immunocompetent brain tumor models [327], conducting experiments to
assess the time of administration of the therapeutic relative to the sonication, refining the
sonication parameters (amount and type of microbubbles administered, FUS frequency, the
duration of the sonication, acoustic emissions etc.), designing pre-clinical FUS systems that
closely recapitulate the clinical system(s) to be used, and employing window of opportunity
and Phase 0 trial paradigms to identify promising combinations.

Combinational Approaches

MB-FUS treatment can also be combined with the application of FUS-mediated thermal
stress in the bran TME. Locally applied thermal stress or local hyperthermia is

broadly separated in two different regimes: (1) moderate hyperthermia that utilizes mild
temperatures (38 — 42 °C for up to one hour; sub-ablative fibrillar heating) that can promote
heat-dependent physiological changes and (2) high temperature focal hyperthermia (>45 °C
for a few seconds; ablative heating), which can directly kill cancer cells and reduce tumor
burden [328]. Sub-ablative hyperthermic exposures offer the potential to sensitize tumor
cells to DNA damaging treatments like radiation [329,330]. This mode of FUS treatment
could be combined with current standard of care therapies, temozolomide and/or intensity
modulated radiation therapy. Ablative heating is characterized by the ablation zone and the
periablative or transition zone (i.e., the penumbra zone between necrotic and viable tissue),
where cells experience the sub-ablative effects. In the future, employing thermal ablation
strategies with thin transition zones for direct tumor control within the core regions in
combination with MB-FUS mediated BBB opening/drug delivery in the infiltrating margin,
may offer exciting new therapeutic opportunities for high grade gliomas.
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Although local mild hyperthermia and thermosensitive drugs, represent promising strategies
to locally enhance drug delivery in solid tumors and improve treatment outcomes, their
application in brain tumors remains limited. Recently, Kim et al. by combining closed-

loop trans-skull focused ultrasound hyperthermia with thermosensitive liposomes (TSLS)
were able to promote effective drug delivery in gliomas [331]. More research to assess

this technology using current clinical systems (ExAblate, Sonocloud, etc.) in combination
with MB-FUS (e.g., improving TSL — Dox delivery) may further improve these already
encouraging findings. Beyond targeted drug release and delivery, combining the FUS
thermal and mechanical stresses can also promote the increased trafficking and remote
control of T cell activity of genetically engineered T cells with thermal gene switches by
localized expression of tumor-targeting receptors, among others [332,333]. More research in
this direction is clearly warranted.

FUS-mediated Liquid Biopsy

By recognizing that upon opening the BBB the transport across this biological interface

is bidirectional Zhu et al. hypothesized that MB-FUS can enhance the shedding in the
circulation of molecules secreted by cancer cells, such as cell-free tumor DNA (ctDNA;
average size of 200 pb ~7.5 kDa) [334]. Their investigations in tumor-bearing rodents and
pigs confirmed the improvement in the shedding of reported gene messenger RNA (i.e., GFP
gene, used to label the cancer cells) and neural proteins (glial fibrillary acidic protein and
myelin basic protein), after the application of MB-FUS [334,335]. These findings have also
been investigated in the clinic, with early evidence indicating that BBB opening correlates
with increases in circulating cell free DNA [326]. Considering the simplicity of this method,
the established limitations of liquid biopsy techniques in the brain [336], and the number

of ongoing MB-FUS clinical trials (Table 2), this application is expected to grow rapidly.
Demonstrating this concept using actual tumor-specific oncogenes and expanding to other
biomarkers (e.g., extracellular vesicles) may create unique opportunities for 1) assessing
changes and degrees of change in BBB permeability, 2) improving diagnostic information
in the setting of various tumor types (e.g., Medulloblastoma), 3) monitoring responses to
therapy as well as assessing treatment effects and resistance, and 4) informing precision and
personalized therapeutic selections in combination with MB FUS [58].

Predictive Models for MB-FUS drug delivery

Although still in early phase, mathematical modeling can help identify new treatment
regimens and drug combinations under MB-FUS. Most notably, physiologically based
pharmacokinetics (PBPK) modelling has already been used to characterize the transvascular
and interstitial transport of chemotherapeutic agents and, via sensitivity analysis, to

refine drug administration protocols for improved uptake. For example, PBPK modeling
indicated that chemotherapy infusion can lead to higher drug uptake as compared to

bolus administration [43,337]. Although rigorous and prospective validation of the specific
PBPK models is critical for reducing extrapolation errors, these predictions seem to be

in agreement with recent clinical trials that demonstrated improved efficacy under MB-
US followed by carboplatin infusion (45 mins) [71]. PBPK modeling combined with
quantitative imaging has also been used to probe the optimal nanoparticle properties,
including size and surface charge, for effective delivery of siRNA-based therapeutics in
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brain tumors under MB-FUS (i.e., 50 nm weakly cationic, +10 mV, hybrid lipid polymeric
NPs) [58]. If these approaches are expanded to incorporate the MB dynamics [338,339] can
be powerful in generating hypothesis that can then be used to narrow down the parameter
space towards identifying MB (properties), FUS (frequency and sonication characteristics)
and drug (PK/PD) combinations for improved drug delivery in brain TME. Incorporating

the increasing amount of data and information gathered during preclinical and clinical
investigations may allow to identify new ways to promote antitumor immunity, including

the type and abundance of immune cell populations that can cross the BBB/BTB under
MB-FUS and facilitate the development of rational strategies to deliver drugs and cells in the
brain TME and accelerate their translation to the clinic.

Concluding Remarks

Substantial progress has been made in the last decade towards improving the transport of
therapeutics across the BBB, through reversible opening via MB-FUS. The groundwork

has been laid through the steady investigation of the component biology, biophysics, and
pharmacokinetics of these approaches. Simultaneous advancement in transducer technology,
signal processing, and controller design have rendered non-invasive, real-time, feedback
control of the treatments to optimize efficacy a near term reality. As human clinical trials
for using MB-FUS expand, we anticipate the utility and impact of MB-FUS to accelerate
towards new therapeutic applications and combinations (e.g., with immune adjuvants) to
address significant challenges in effectively treating brain tumors.
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Box:
Key definitions

Neurovascular Unit is the specialized complex of blood vessel and brain cells which
together create the blood brain barrier

Blood Brain Barrier represents the unique interface between the blood stream and the
central nervous system that limits and controls the influx and efflux of most substances,
particulates, and cells.

Diffusive Transport is the net movement of molecules from a region of higher
concentration to a region of lower concentration.

Convective Transport is mass transport mediated by bulk fluid flow that is driven by a
pressure gradient.

Cavitation, in the field of enhanced therapy, refers to the oscillations and dynamic
behavior of stabilized microbubbles. Note its use in this context differs from the
phenomena of nucleated cavitation (i.e., the creation of holes in the fluid due to large
negative pressures) employed, e.g., for histotripsy.

Mechanical Index is a parameter to defined as the peak negative pressure in
megapascals, divided by the square root of frequency in megahertz (MI = P_/4/f).

Stable Cavitation refers to the small-amplitude vibrations of MBs, which radiate
harmonic, ultraharmonic, and subharmonic acoustic emissions.

Inertial Cavitation is the transient collapse of the MBs, giving rise to impulsive
(broadband) acoustic emissions.

Passive Cavitation Detection is the recording of MB emissions with one or several
elements to detect the occurrence of acoustic cavitation and discern its nature.

Passive Cavitation Mapping is use of a registered array of PCD elements and
beamforming to detect, localize, and characterize the occurrence and nature of acoustic
cavitation.

Static Law Controllers have control laws that are predetermined prior to any
measurement of the system’s output.

Dynamic Law Controllers have control laws that depend on the measured output of the
system.
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Figure 1:
Circulating microbubble contrast agents are excited by transcranial focused ultrasound.

The resulting oscillations give rise to various mechanical effects including microstreaming,
radiation forces, and destruction via shockwaves and jetting during bubble collapse. Such
effects alter the permeability of the blood brain barrier and enable more convective transport
of larger therapeutic agents.
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Analysis of increase in drug delivery (left) and percentage increase in median survival time
(IST) (right) after MB-FUS delivery of anticancer agents in murine brain tumor models.
Reported increase is with respect to drug only group. All data and citations used to create the

plots are provided in Suppl. Table 1.
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Figure 3.
Evolution of FUS and emissions monitoring transducer technology and potential future

implementations. Color Coding: Green: Incident ultrasound, Red: Recorded acoustic
emissions (AE), Gold: Skull imaging with ultrasound, Purple: Recorded AE and skull
imaging with the same transducer.
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Figure 4.
Emissions and bioeffects reported during MB-FUS for BBB opening. Vertical axis quantifies

the type of emissions observed at the given mechanical index (horizontal axis). Blue markers
indicate BBB-opening while orange indicate observed tissue damage; the colored bars
indicate the probability of no effect, BBB opening, and damage among the studies at that
particular MI. Solid markers represent measurements for rodents (mouse, rat, or rabbit)
while hollow markers indicate non-human primate studies. Full data provided in Suppl.
Table 2.
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Figure 5.
Detection and control of cavitation. (Top) The therapeutic ultrasound pulse has fundamental

frequency 7. The circulating microbubbles are excited and undergo stable oscillations
(inducing microstreaming and radiating harmonic, ultraharmonic, and subharmonic
emissions) or, at higher applied pressure magnitudes, transient inertial cavitation (resulting
in jetting and broadband emissions). (Bottom) These emissions can be monitored by a
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passive detector, which adjusts the applied pressure P based on the type and level L of these
emissions relative to a target.
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Summary of studies reporting MB-FUS delivery of anticancer agents in murine brain tumor models.

Type

Therapeutic agent

Tumor model @

Chemotherapy (194-590 Da)

GL261 glioma[64], SMA-560 glioma[64],
9L Gliosarcoma[65], SU-DIPG-17 (PDX)

Doxorubicin b [66], Human HER2* BT474 breast
metastasis[43]
BCNU C6 Glioma[67]

Temozolomide

9L Gliosarcoma[68,69], U87 glioma[70]

F98 glioma[42], U87 glioma[71], 6240

Carboplatin PDX glioma[71]
Irinotecan F98 glioma[72]
. MGPP3 glioma[73], High-grade glioma

Diffusive Etoposide (DIPG)[74]

transport
Trastuzumab (Herceptin) Human HER2* BT474[75]
Trastuzumab Emtansine Human HER2* BT474[43]
Pertuzumab Human MDA-MB-361[49]
Interleukin-12 C6 glioma[76]

Antibody (Ab) (75-148 kDa)
Bevacizumab u87 glioma[77]
1gG2a High-grade glioma (PDX) © [78]
Anti-mCD47 GL261 glioma[50]
Anti-PD-1 GL261 glioma[79]
Liposomal (anionic) NP 9L Gliosarcoma[55,80,83,84], glioma
(Doxorubicin[55,56,80-85], 8401[81,82,85], U87 glioma[86], F98
Paclitaxel[86]) ¢ glioma [56]
Brain-Penetrating (anionic) NPs 9L Gliosarcoma[57], F98 glioma[57], U87
(Cisplatin[57], DNA[54]) glioma[54], B16F1 melanoma[54]
Cilengitide NP (Peptide) C6 glioma[87]
Gold NPs (aEGFR- . .
. . 9L Gliosarcoma[88], U251 glioma[89]
Convective Nanoparticle (NP) drug conjugate (7 SERS440(88], cisplatin[89])
transport —130 nm)

Albumin-bound paclitaxel

MES83[90], GBM12[90], 6240 PDXs P
[90]

Folate-conjugated polymersomal
(Doxorubicin)

C6 glioma[91]

Mesoporous organosilica NPs
(Doxorubicin)

uU87 glioma[92]

Hybrid polymer liposomes
(cationic) NPs (siRNA)[58]

GL261 glioma[58], SMO-
medulloblastoma[58]

External forces

Magnetic NP drug conjugate ¢
(10-40 nm)

BCNU[61]

Epirubicin[62]

Doxorubicin (SPIO)[63]

C6 glioma[61-63]

Microbubble drug conjugate (1-2
pm)

BCNU[93]

VEGFR2-BCNU[94]

Doxorubicin (SP10)[97]

ShRNA[95]

C6 glioma[93-97]
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Type

Therapeutic agent

Tumor model @

poly(2-ethyl-butyl cyanoacrylate)
(PEBCA)[96]

LPHNs-cRGD-CRISPR/Cas9
plasmids

T98G glioma[98]

Virus (120 — 260 nm)

Herpes Virus (HSV1)

F98[99] and C6 glioma[100]
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Table 2.

Completed and ongoing MB-FUS clinical trials in brain tumor patients.

Tumor type Drug/Molecule FUS Device Phase ClinicalTrials.gov Identifier
Low Grade Glioma MR-Contrast Agent Brainsonix N/A NCT04063514 (Pending)
GBM MR-Contrast Agent ExAblate N/A  NCT03322813 (Completed)
Brain Tumor Doxorubicin ExAblate N/A NCT02343991 (Active)
GBM Fluorescein ExAblate N/A  NCTO04667715 (Enrolling)
GBM Temozolomide ExAblate N/A  NCT03551249 (Enrolling)
GBM Temozolomide / Lipodox ExAblate N/A  NCTO03616860 (Enrolling)
GBM Temozolomide ExAblate N/A  NCT03712293 (Enrolling)
Recurrent GBM Carboplatin ExAblate im NCT04417088 (Enrolling)
Recurrent GBM Carboplatin SonoCloud im NCT02253212 (Completed)
Recurrent GBM Carboplatin SonoCloud im NCTO03744026 (Enrolling)
Recurrent GBM Abraxane SonoCloud im NCT04528680 (Enrolling)
GBM Temozolomide SonoCloud 1l NCT04614493 (Enrolling)
Recurrent GBM MR-Contrast Agent NaviFUS N/A  NCT03626896 (Completed)
Recurrent GBM Avastin NaviFUS N/A  NCTO04446416 (Enrolling )
Breast Brain Met. Trastuzumab ExAblate N/A  NCT03714243 (Enrolling)
Melanoma Brain Met.  Nivolumab / ipilimumab SonoCloud im NCT04021420 (Enrolling)

DIPG

Panobinostat

FUS-Navigator

NCTO04804709 (Pending)
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Table 3:
Therapeutic US systems for treating brain tumors.
Targeting Aberration Beam o Lo
System precision Correction Steering Cost | Clinic | Advantages, Challenges & Limitations
Unique capabilities for treatment guidance
MRgFUSéI;j(AbIate) ExcerIT::aTT)t (<1 *kk *k Kk $$$ Yes and monitoring.
Requires MRI and it is not portable.
Neuro-navigation Exploits existing neuro-surgery workflow.
FUS (NaviFUS and Fair (2.3 +0.9 Portable.
FUS neuro-navigator) mm) folokal Hokx 5% b It can be challenging to maintain the
[148,149] registration during the treatment.
Potentially high-performance system.
Not Registration errors, aberration correction and
USgFUS [138] Not assessed Not assessed assessed NIA [ No | jeam steering capabilities need rigorous
assessment.
Extremely simple and portable system.
US Implant Invasive (requires surgery); no treatment
(SonoCloud) [139] Good hone kot $ b guidance or monitoring is currently
available.
Simple system that could account for
Acoustic lens US - aberration. Requires precise positioning of
system [140,150] Good (~1 mm) okl None $ No the lens/US system. Potentially useful only
for low power applications
Adapts to patient head.
%szeomnfflrgﬁl Good *ok ¥ *k 5k $$3 No Rigid system, registration issues might limit
Y performance
Mode Conversion Not
[152,153] Not assessed * k< assessed - No At proof-of-concept stage.
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Table 4.

Properties of commercial contrast agents used in MB-FUS delivery of anticancer agents in murine brain tumor
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models.

Diameter Surface Half-life : : o
Name Shell Core [um] charge [mV] [min] Mechanical properties Citation
- L ) i Resonance Frequency: 2-6 MHz u
Definity lipid CsFg 1.1-33 1~-4 6.88 +4.88 Shell elasticity: 0.38 N/m [180-186]
Resonance Frequency: 1.5-2
Sonovue/ lipid | SFe 25 -283 1.04£0.15 MHz [185-188]
Shell elasticity: 0.2-0.3 N/m
Resonance Frequency: 1.5-4
. . 10 MHz [180,186,
Optison protein CsFg 3-45 10~-25 1.3+0.69 Shell elasticity: 0.9 N/m 189-194]
Destruction threshold 0.3 MPa
BR-38 lipid C4F 14 neutral - Resonance Frequency: 4 MHz [195,196]
(BG6895) 4710 : : '
USphere lipid CsFg 0.85 cationic 4,98 £0.83 - [185]
. o I Resonance Frequency: 4-6 MHz
Sonazoid lipid C4F19 2.6 76 ~-82 0.67 +0.33 Shell elasticity: 0.6 N/m [197,198]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2023 January 01.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Schoen et al.

Table 5.

Overview of methods for passive acoustic monitoring of cavitation activity

Page 60

Method Sensitivity | Reliability | Complexity | Challenges and Limitations
Single Detector Medium Low Very Low Does not provide spatial information.
Time Domain High Very High High Large number of required computations.
Passive Mapping Freq. Domain Very High Medium Low Has not been extended to account for aberration
Angular Spectrum | Very High High Very Low Restrictive receiver geometry
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Transducer Technologies for Acoustic Emissions Monitoring
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FiberReadout

« High sensitivity

Type Advantages Challenges and limitations Key Citations
. e « Narrow bandwidth
: - : « High sensitivity . Diffi p : : [15,154—
Piezoelectric Ceramic « Already used as FUS transmitter lefflcuIt to integrate with electronics for 156,230,265,266]
ense arrays
. « Low sensitivity
; i Thin i * Broad bandwidth o ; ; ;
Piezoelectric Thin Film p s . « Difficult to integrate with electronics
« Can be integrated with piezoelectric : . [252,264]
Polymer ceramic transmitters for dense arrays for mapping acoustic
emissions
Micromachined « Ease of electronics integration for dense | * Narrow bandwidth
Piezoelectric on Silicon arrays for mapping acoustic emissions « Low pressure output as potential [267,268]
(PMUT) and aberration correction transmitter
Micromachined « Broad and tunable bandwidth « Requires integrated electronics
Capacitive on Silicon « Ability to build dense arrays « Inherent nonlinearity can impact MB [269-274]
(CMUT) « Potential for use as transmitter detection
Acousto-optical « Broadest bandwidth « Complex detection and array setup [275]

« At proof-of-concept stage
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