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Abstract

The physiology of the vasculature in the central nervous system (CNS), which includes the blood-
brain barrier (BBB) and other factors, complicates the delivery of most drugs to the brain.
Different methods have been used to bypass the BBB, but they have limitations such as being
invasive, non-targeted or requiring the formulation of new drugs. Focused ultrasound (FUS), when
combined with circulating microbubbles, is a noninvasive method to locally and transiently disrupt
the BBB at discrete targets. This review provides insight on the current status of this unique drug
delivery technique, experience in preclinical models, and potential for clinical translation. If
translated to humans, this method would offer a flexible means to target therapeutics to desired
points or volumes in the brain, and enable the whole arsenal of drugs in the CNS that are currently
prevented by the BBB.
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1. Introduction

The blood-brain barrier (BBB) is a specialized non-permeable barrier in cerebral
microvessels consisting of endothelial cells connected together by tight junctions, a thick
basement membrane, and astrocytic endfeet. The tight junctions between the endothelial
cells, together with an ensemble of enzymes, receptors, transporters, and efflux pumps of the
multidrug resistance (MDR) pathways, control and limit access of molecules in the vascular
compartment to the brain by paracellular or transcellular pathways [1]. The BBB normally
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protects the brain from toxins, and helps maintain the delicate homeostasis of the neuronal
microenvironment. However, it also excludes 98% of small-molecule drugs and
approximately 100% of large-molecule neurotherapeutics from the brain parenchyma [2,3].
Only small-molecule drugs with high lipid solubility and a molecular mass under 400-500
Da can cross the BBB in pharmacologically significant amounts, resulting in effective
treatments for only a few diseases such as depression, affective disorders, chronic pain, and
epilepsy. Given the paucity of small-molecule drugs effective for CNS disorders, it is clear
that the BBB is a primary limitation for the development and use of drugs in the brain.
Overcoming this hindrance could mean potential therapies for a wide range of disorders,
including Alzheimer's and Huntington's diseases, amyotrophic lateral sclerosis (ALS),
neuro-AlDS, stroke, brain or spinal cord trauma, autism, lysosomal storage disorders, fragile
X syndrome, inherited ataxias, and blindness.

Tumors, particularly those in the brain also face challenges for effective drug delivery.
While the blood vessels in most primary and metastatic brain tumors are often somewhat
permeable from the lack of a fully formed BBB, infiltrating cancer cells at the tumor
margins and small metastatic seeds may be protected by the BBB of surrounding normal
tissue [4]. Glioblastomas in particular are highly infiltrative, and commonly recur after
localized treatments such as conformal radiotherapy or surgery. Relapse usually occurs
within a few centimeters of the treatment site [5—7]. Furthermore, their vascular
permeability is heterogeneous, and additional barriers to drug delivery include increased
interstitial pressures [8] and drug efflux pumps that contribute to their multidrug resistance
phenotype [9]. As for metastatic tumors, work in mice suggests that the blood-tumor barrier
(BTB) is only partially compromised in breast adenocarcinoma brain metastases, and that
toxic concentrations of chemotherapy are only achieved in a small subset of tumors that are
highly permeable [10]. Also, systemic drug accumulation in brain metastases can be
substantially less than in extracranial metastases [10]. Thus, the BTB is a hindrance to
effective drug delivery similarly to the BBB.

2. Methods for Drug Delivery in the Brain

In order to overcome these limitations, it is necessary to either bypass these vascular barriers
altogether, or to facilitate passage across it via controlled exploitation of endogenous
transport mechanisms. Different methods have been explored to bypass the BBB (or the
BTB) (Table 1) [11-13]. While these methods are promising, they also have limitations.

2.1 Invasive Approaches to Brain Drug Delivery

High local drug concentrations can be achieved by inserting a needle or catheter into the
brain and directly injecting or infusing drugs or by implanting drug-exuding devices. With
such techniques, therapeutic benefits have been shown for brain tumors and other disorders
[14-17]. However, because of their invasiveness, there are some risks of infection or brain
trauma, and they may not be amenable for repeated treatments or for drug delivery to large
areas of the brain. It can also be a challenge to control the drug distribution, as drug
concentrations decrease exponentially from the injection or implantation site [18]. When
convection-enhanced diffusion is used, the infused agents are delivered preferentially along
white matter tracts [19], which may not be desirable.
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Another approach for bypassing the BBB is to introduce drugs into the cerebrospinal fluid
(CSF) via intrathecal or intraventricular routes. It then follows the flow patterns of the CSF
and enters the brain parenchyma via diffusion. This approach has been successful in cases
where the target is in the subarachnoid space [20], but drug diffusion drops off exponentially
from the brain surface and penetration into the brain parenchyma can be limited [11]. It is
also possible to deliver drugs transnasally from the submucus space into the olfactory CSF
[21-24]. This approach has advantages of being noninvasive and being relatively easy to
administer. However, only small drug volumes can be delivered and interindividual
variability and other factors may pose challenges to this procedure [24]. Nevertheless, the
technique is a promising route to bypass the BBB and is currently being investigated by
numerous researchers.

2.2 Transvascular Brain Drug Therapy: Biopharmaceutical Approaches

A number of approaches have been investigated to develop or modify drugs that can cross
the BBB. While these methods are highly promising and offer the ability to easily administer
drugs to the CNS as in other organs, they do require the expense and time of developing new
agents, and they result in drugs being delivered to the entire brain, which may not always be
desirable.

Converting water-soluble molecules that would not ordinarily cross the BBB into lipid-
soluble ones is one approach to brain drug therapy. This can be achieved by the addition of
lipid groups, or functional groups such as acetate to block hydrogen bonding. The molecule
would then undergo passive diffusion across the BBB. An example of this is the conversion
of morphine to heroine by the acetylation of two hydroxyl groups, which results in the
removal of the molecule from hydrogen bonding with its aqueous environment [25].
Although utilized by the pharmaceutical industry, this approach has limited applicability to
drugs greater than 400-450 Da [12,26].

Another approach involves utilizing the large variety of solute carrier proteins (SLC) on the
endothelial surface that specifically transport many essential polar and charged nutrients
such as glucose, amino acids, vitamins, small peptides, and hormones transcellularly across
the BBB [27]. These transporters move the solute into the cytoplasm where they await
another SLC at the opposite cell membrane to exocytose them into the brain parenchyma.
An example of SLC used for brain drug therapy is the large neutral amino acid transporter
type 1 (LAT1), which transports the amino acid Parkinson's drug L-dopa across the BBB.
Once across, it is converted to dopamine by aromatic amino acid decarboxylase, and can
then bind to its target receptor. Dopamine being water-soluble cannot cross the BBB
[26,28].

Finally, the molecular targeting of endothelial-surface receptors, colloquially termed the
“Trojan Horse” approach, is yet another paradigm in drug transport across the BBB. This
involves using a targeting ligand such as a serum protein, monoclonal antibody, or other
high affinity targeting molecule that binds to its receptor and activates endocytosis of the
complex into a vesicle that is transported across to, and released from the opposite pole (i.e.,
transcytosis). In theory, if the ligand is chemically linked to a drug or drug carrier, it too is
transported across the BBB. Over the last two decades, a number of animal studies have
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suggested the transport of antineoplastic drugs, fusion proteins, genetic therapies (plasmid
vectors, siRNA), liposomes, and nanoparticles by this mechanism [29-32]. For transcytosis
to occur, it requires that the endosome not fuse with lysosomes while in the cytoplasm,
which would degrade the internalized macromolecules. Unlike other tissues, endothelial
cells in brain capillaries appear to have low levels of endosome fusion with lysosomes,
facilitating transport of necessary substances through the transcellular route [33-35].

2.3 Transvascular Brain Drug Therapy: BBB Disruption

Others have investigated methods to temporarily disrupt the BBB to enable CNS delivery of
circulating agents. One such technique investigated intensively for several decades is the
intraarterial injection of hyperosmotic solutions such as mannitol. This procedure causes
shrinkage of endothelial cells and consequent stretching of tight junctions [36—39] through
which drugs may pass. This method has been shown repeatedly to enhance delivery of
therapeutic agents to brain tumors, and several promising clinical trials have been performed
[40-45]. Other agents such as bradykinin have also been investigated [46—49]. While such
methods can be an effective means to deliver drugs to large brain regions, they are invasive
procedures that require general anesthesia, and can have side effects. For example, one study
reported focal seizures in 5% of patients who received osmotic BBB disruption [40], and
others have noted vasovagal response with bradycardia and hypotension [39]. Having a less-
invasive way to achieve this disruption would be desirable.

The use of ultrasound, when combined with circulating microbubbles, offers a potential way
to disrupt the BBB in a targeted, noninvasive, and repeatable manner to deliver a wide range
of drugs to the brain and to brain tumors. Below, we review the literature on this technique,
(i) describing how it is performed, (ii) how different parameters effect the BBB disruption,
(iif) what has been delivered in preclinical studies, and (iv) methods that can be used to
guide the procedure. While to date the technique has only been performed in animals, it is
clear that it holds great promise for the treatment of a wide range of CNS disorders. If
successfully translated to the clinic, it offers a means to target drugs, biomolecular therapies,
and perhaps cellular therapies to desired brain regions while sparing the rest of the brain
from unnecessary uptake. The technique also offers the potential to control the “magnitude”
of BBB disruption at each focal target through modification of the ultrasound parameters,
enabling a level of control over drug delivery that is not available with other technologies.
This flexibility, along with its noninvasiveness, lack of need for general anesthesia, and
amenability to be readily repeated make FUS a potentially transformative technology.

3. Focused Ultrasound

An ultrasound field can be noninvasively focused deep into the body and used to induce a
broad range of bioeffects through thermal or mechanical mechanisms. FUS has been
investigated since the 1940's for noninvasive ablation in the brain, as a potential alternative
to surgical resection and radiosurgery [50-53]. Until recently, clinical testing required a
craniotomy to allow for ultrasound propagation into the brain [54,55] because of ultrasonic
heating of the skull, and beam aberration caused by the skull's irregular shape and large
acoustic impedance.
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In the past decade, FUS thermal ablation systems have been developed that overcome these
obstacles produced by the skull [56]. They reduce skull heating through active cooling of the
scalp and a transducer design with a large aperture to distribute the ultrasound energy over a
large skull region, and they correct for beam aberrations using a phased array transducer
design. When combined with methods that use acoustic simulation based on CT scans of the
skull bone to determine the phase and amplitude corrections for the phased array [57,58] and
MR temperature imaging (MRTI) to monitor the heating [59], a completely noninvasive
alternative to surgical resection in the brain becomes possible. These systems use very high
intensities to enable thermal ablation through the human skull, and are currently in initial
human trials [60-63].

The effects of FUS can be enhanced by combining the ultrasound exposures (““sonications)
with preformed microbubbles that are commercially available as ultrasound imaging
contrast agents. They consist of semi-rigid lipid or aloumin shells that encapsulate a gas
(typically a perfluorocarbon), range in size from about 1-10 um, and are constrained to the
vasculature. The microbubbles concentrate the ultrasound effects to the microvasculature,
greatly reducing the FUS exposure levels needed to produce bioeffects. Thus, with
microbubbles one can apply FUS transcranially without significant skull heating.

When microbubbles interact with an ultrasound field, a range of biological effects have been
observed [64]. Depending on their size, the bubbles can oscillate within the ultrasound field,
and they can grow in size via rectified diffusion. They can interact with the vessel wall
through oscillatory and radiation forces [65,66]. They also can exert indirect shear forces
induced by micro-streaming in the fluid that surrounds them [67]. At higher acoustic
pressures, they can collapse during the positive pressure cycle, a phenomenon known as
inertial cavitation, producing shock waves and high-velocity jets [65], free radicals [68], and
high local temperatures [69,70]. The microbubbles used in ultrasound contrast agents can
presumably exhibit these behaviors, either with their shells intact or after being broken apart
by the ultrasound beam and their gas contents released.

4. Ultrasound-Induced BBB Disruption

Since the early years of investigation into ultrasound bioeffects on the brain, several studies
have noted localized BBB disruption, either accompanied with tissue necrosis or without
evident tissue damage [52,71-76]. None of these early studies however, elucidated
sonication parameters that could repeatedly and reliably produce BBB disruption without
occasionally producing lesions or necrosis.

In 2000 our laboratory found that if short ultrasound bursts are preceded by an intravenous
injection of microbubble contrast agent, the BBB can be consistently opened without the
production of lesions or apparent neuronal damage [77]. The circulating microbubbles
appear to concentrate the ultrasound effects to the blood vessel walls, causing BBB
disruption through widening of tight junctions and activation of transcellular mechanisms,
with little effect on the surrounding parenchyma [78]. Furthermore, the opening occurs at
acoustic power levels orders of magnitude lower than was previously used, making this
method substantially easier to apply through the intact skull. For BBB disruption, the
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sonications have been typically applied as short (~1-20 ms) bursts applied at a low duty
cycle (1-5%) for 0.5-1 min. With a few simple modifications to enable low-intensity bursts,
existing clinical brain FUS systems can be used for BBB disruption [79]. Clinical translation
may also be possible using simpler FUS systems [80].

Figure 1 shows examples of targeted BBB disruption in a macaque from our institution
using a clinical transcranial MRI-guided FUS system (ExAblate, InSightec, Haifa, Israel)
[79]. The device uses a hemispherical 1024-element phased array operating at 220 kHz, and
is integrated with a 3T MRI scanner. The focal region can be electronically steered to
different locations using this array without physically moving the transducer. Volumes can
be targeted by systematically steering the focal point to different targets, enabling one to
deliver drugs to desired brain regions. Figure 2 shows an example of such “volumetric”
FUS-induced BBB disruption. BBB disruption was evaluated using two MRI contrast agents
and with the vital dye trypan blue. Note the lack of contrast enhancement in white matter
despite evident staining with the dye. This difference is presumably due to the lower
vascular density in white matter compared to gray matter.

4.1 Effect of Ultrasound Parameters and Other Factors on BBB Disruption

A number of sonication parameters can be varied in ultrasonic BBB disruption. Each
parameter variation may impact the threshold pressure amplitude needed to disrupt the BBB,
the magnitude of its disruption, and the resultant drug quantity delivered to the brain
parenchyma. As determined from a number of studies, parameter variations and their effects
are listed in Table 2. These studies used an MRI contrast agent, fluorescent probe, or drug to
evaluate the BBB disruption. Given the large parameter space, and different techniques and
criteria used to evaluate the disruption (each with different sensitivities), it can be
challenging to compare results from different laboratories. Such comparisons are
additionally confounded by uncertain accuracies in estimates of acoustic pressure amplitude
when sonicating through the skull [81]. However, general trends can be observed.

For a fixed set of parameters, as one increases the pressure amplitude, the magnitude of the
BBB disruption increases, and at some level it appears to saturate [82—-84]. Below some
value, no disruption is detected, and at some higher pressure threshold, vascular damage is
produced along with the disruption (see below). Such studies repeated while varying a
different parameter have shown that the threshold for BBB disruption depends strongly on
the ultrasound frequency [85] and burst length [86]. Most experiments have been done with
commercially-available ultrasound contrast agents that consist of microbubbles with a wide
range of diameters. Experiments with microbubbles with narrow size distributions suggest
that the BBB disruption threshold can also be reduced by using larger microbubbles [87—
89].

By fixing the pressure amplitude and varying each parameter, one can evaluate their effects
on the magnitude of the disruption. The magnitude has been found to increase with the burst
length up to a duration of approximately 10 ms, with further increases in burst length having
little or no effect [77,81,86,90,90-92]. Several groups have shown that the disruption
magnitude may be increased by using a larger dose of ultrasound contrast agent [83,93-95]
(although other works have shown little or no effect [86,90]) or by using larger
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microbubbles [87-89]. Pulse repetition frequency can also influence the magnitude of
disruption up to a point [90,91], but other studies have seen no dependence [86]. Finally, the
magnitude of the disruption can be increased by increasing the sonication duration [84] or
by repeating the sonication after some delay [96,97], but excessive durations may result in
tissue damage [84,97]. Factors such as using an infusion instead of a bolus injection of
microbubbles [98] and choice of anesthesia protocol [99] may also influence the resulting
disruption. Other factors such as the delay between the microbubble injection and the start of
sonication, and whether the drug or tracer is administered before or after the sonication may
also be expected to have an effect. Additive effects have been observed when FUS-induced
BBB disruption is combined with agents that affect vascular permeability [100-102].

These trends observed in parametric studies are difficult to interpret with confidence since
the exact mechanism by which microbubble-enhanced FUS induces BBB disruption is
currently unknown (see below). They are perhaps consistent with the following notions.
First, for BBB disruption to occur, the microbubbles oscillations may need to reach a certain
minimal radius, which can be achieved by increasing the pressure amplitude or by using
larger microbubbles, and assuming the bubbles grow during each burst via rectified
diffusion, by decreasing the ultrasound frequency or increasing the burst length. Next, in
addition to depending on the bubble size during its oscillation, the magnitude of the
disruption depends on the number of sites on which the microbubbles interact with the
vasculature. The number of these sites can be increased by increasing the microbubble dose,
or by increasing the sonication duration and/or number of bursts. Data showing a strong
dependence on burst length may also suggest that the threshold and magnitude of the
disruption depend on the amount of time the microbubbles interact with the blood vessels
during each burst. Pulse repetition frequency may have an influence if the microbubbles are
being fragmented or destroyed — time may be needed to replenish them if that is the case
[103]. Finally, it appears that the magnitude of the disruption can saturate at some level, and
increasing the different parameters has no additional effect.

4.2 Optimal Parameters?

Overall, these studies have made it clear that BBB disruption is possible over a wide range
of exposure parameters. Disruption has been demonstrated at frequencies between 28 kHz
[104] and 8 MHz [92], burst lengths as low as a few ultrasound cycles [90,91,98] up to 100
ms [77], and over a range of pulse repetition frequencies, microbubble doses, and sonication
times. It is not clear what the “optimal” parameters are, or what criteria to use to establish
them. In our view, the primary consideration could be to find parameters that maximize the
window in acoustic pressure amplitude where robust BBB disruption is possible without
producing vascular damage. It will be challenging to precisely estimate the pressure
amplitude in the human brain after transcranial sonication, and having the widest safety
margin possible will be desirable for clinical translation. How close the FUS frequency is to
the “resonant size” of the microbubbles may have an impact on the width of this safety
window. Additional important criteria would be to optimize the frequency and transducer
geometry to produce the desired focal spot size, to effectively focus through the skull with
minimal distortion, and if a phased array transducer is used, to be able to steer the focal
region throughout the brain. It may also be desirable to find parameters that enable BBB
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disruption in the shortest possible sonication time so that multiple targets can be targeted in
a reasonable amount of time, and to maintain a safe dose of microbubbles.

4.3 Potential Mechanisms

Even though FUS exposures combined with microbubbles have been investigated to disrupt
the BBB in numerous studies, the exact mechanism to open BBB still remains unknown. It
does appear that two known effects that can be induced by FUS, bulk heating and inertial
cavitation, are not responsible. Initial studies on the method utilized MRI-based temperature
imaging [77] during the sonications, and no measureable heating was observed. Studies that
recorded the acoustic emissions during the sonications [105-107] have found that BBB
disruption can be achieved without wideband acoustic emission, which is a signature for
inertial cavitation [53]. It also may not be the same mechanism utilized for so-called
“sonoporation”, where transient pores in cell membranes created by sonication with
microbubbles enable drugs to enter [108]. Those pores are rapidly resolved, while FUS-
induced BBB disruption lasts for several hours.

Fundamentally, we do not know if the FUS/microbubble interactions physically modify the
vessel walls, or if they are triggering a physiological response that includes temporary BBB
breakdown. As described below, electron microscopy studies have shown delivery of tracers
through widened tight junctions [78,109], which could be consistent with a direct physical
force pulling them apart, as well as active transport [78,110]. Other work has shown the
sonications can induce vascular spasm [111,112]. While the role of this spasm is not clear, it
does make clear that the sonications can trigger a physiological response.

In the absence of bulk heating and inertial cavitation, we are left with mechanical effects
induced during the microbubble oscillations in the ultrasound field. A number of effects are
produced with potential to induce the observed BBB disruption. Microbubbles tend to move
in the direction of the wave propagation via acoustic radiation force [66], which will bring
them in contact with vessel endothelium. During oscillation, the shell of the microbubble
can break, the bubbles can be fragmented into smaller bubbles, and they can grow via
rectified diffusion. Microstreaming due to microbubble oscillations can induce biologically-
significant shear stresses on the neighboring endothelium, and the oscillations produce
inward forces that in extreme cases can pull the vessel wall inward [113]. Clearly, the
behavior of a microbubble in an acoustic field is complex, and it can be different in free
fluid than when constrained within a capillary [114].

4.4 Bioeffects Induced by FUS and Microbubbles

The BBB disruption can occur almost immediately with sonication [112] and appears to
decay exponentially over several hours thereafter [77,82,96,115]. The amount of agent
delivered across the barrier appears to be much larger in grey matter than in white matter,
presumably due to differences in vascular density [79]. Several studies have found that the
barrier appears to be largely restored in approximately 4-6 hours [77,82,96,109,115,116];
other experiments have observed low-level disruption at 24 hours after sonication or longer
[89]. The source of this discrepancy is not clear, but it could be simply that more sensitive
detection methods such as high-field MRI combined with large doses of MRI contrast agent
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are capable of detecting low-level disruption missed in other works. The duration of the
opening to different tracers appears to be reduced for larger tracers [115].

This window in time where the barrier is open is thought to be good for the prospect of
delivering even long-circulating drugs, but not so long as to produce concern of toxicity
arising from chronic BBB breakdown. Indeed, the appearance of the brain after BBB
disruption in light microscopy appears to be normal [117], even after repeated weekly
sessions [79]. Example histology obtained after BBB disruption is shown in Figure 3 The
only major feature that has been observed in many studies is the presence of tiny clusters of
extravasated red blood cells (petechiae) [118,119]. It is thought that these petechiae are
formed during inertial cavitation, and experiments where no wideband emissions (a
signature for inertial cavitation) were observed, no such extravasations were observed [105].
Some have suggested that wideband emissions can be observed without producing such
petechiae [106]. While the presence of these petechiae is undesirable, their impact on the
brain may be minimal. Investigations looking for apoptosis or ischemia, which may be
expected if serious vascular damage were occurring, failed to observe anything more than a
few individual damaged neurons, and long-term effects have not found evidence of neuronal
damage with such sonications [118,120]. At excessive exposure levels, more severe vascular
damage, parenchymal damage, and neuronal loss can occur [77,121]

Transmission electron microscopy (TEM) investigations have demonstrated an increase of
cytoplasmic vesicles in endothelium and pericytes (suggestive of transcytosis), formation of
trans-endothelial fenestrae, widened tight junctions, and transport of serum components
across the BBB [78]. The use of a 44 kDa tracer molecule helped elucidate arterioles as the
major sight of trans-endothelial vesicle transport (followed by capillaries then venules), and
showed extensive tracer deposition in the endothelial paracellular space, basement
membrane, and surrounding brain parenchyma [110]. Finally, using immunogold labeling,
the disappearance of tight junction (TJ) proteins occludin, claudin-5, and ZO-1 were shown,
along with opened endothelial junctions and tracer leakage at 1-4 hours post-sonication
[109]. The TJ proteins reappeared at 6 and 24 hours. Examples showing tracer penetration
across the BBB through widened tight junctions and vesicular transport are shown in Figure
4. Other work has shown down-regulation of the same TJ proteins along with their mMRNA,
and recovery to normal levels at 12 hours post-sonication [122]. Reorganization of connexin
gap junction proteins have also been reported [123]. An increase of endothelial vesicles in
normal [124] and tumor microvessels [125] have also been observed on TEM with an up-
regulation of caveolin proteins/mRNA, suggesting that caveolae-mediated transcytosis
(CMT) as a contributing mechanism for permeability. These researchers also found
increased phosphorylation of Src and caveolin-1/2, noting that Src-induced phosphorylation
of caveolins is a trigger for CMT [126].

Intracellular signaling cascades in response to mechanical stimulation by FUS-induced BBB
disruption is likely, but has only recently been addressed. Increased phosphorylation of Akt
and its downstream molecule GSK3p has been shown in neurons flanking the BBB
disruption at 24 hours, well after tight junction reassembly [127]. Akt phosphorylation has
been implicated in neuroprotection after stroke [128], while activation of the p38 INK MAP
kinases promote neuronal apoptosis [129,130]. Alonso et al. showed increased protein
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ubiquitination in neurons not glia post sonication, no increase in heat shock proteins, and
limited neuronal apoptosis at 24 hours in areas staining positive for extravasated aloumin
[131]. Ca2* signaling has also been suggested as being stimulated by FUS-induced BBB
disruption. Specifically, temporary disruption of the endothelial plasma membrane (i.e.,
sonoporation) can induce immediate transient changes of intracellular Ca2* concentration in
cells with direct contact with microbubbles, and delayed fluctuations in nearby cells [132].
When factoring in fluid shear induced in an in vitro flow channel (intended to mimic
cerebral vessels), the membrane disruption and Ca2* transients were much lower [133].

Multiphoton microscopy (MPM) has provided useful insights into the bioeffects of FUS-
induced BBB disruption. Initial work with this technique demonstrated arteriolar vasospasm
in 14/16 mice lasting up to 5 minutes (Figure 5), and interrupted cerebral blood flow [111].
Although this could cause ischemic injury, it has been noted that mice have enhanced
vasomotor excitability over other rodents, such as rats [134]. Indeed, a similar study in rats
showed vasospasm in only 25% of the vessels examined [112]. Initial work has also noted
two forms of vessel dye leakage, rapid focal microdisruptions (3-9 seconds) that were
prevalent at vessel bifurcations, and slow disruptions that were observed as a gradual
increase in extravascular signal intensity [111]. Subsequent work noted three rather than two
leakage types: (1) fast, characterized by rapid increase to peak intensity and rapid decrease,
(2) sustained, described as rapid increase to peak which persisted for up to an hour, and (3)
slow, a gradual increase to peak intensity [112]. The authors noted that differing vessel
calibers have preferences for different leakage types, and interestingly, that distinct peak
negative pressures also show preference for leakage types. Continuing work suggested
correlation between fast leakage, common with high pressure amplitudes, and detachment of
astrocyte endfeet from the vessel walls [135].

4.5 Delivery of Imaging/Therapeutic Agents and Tests in Animal Disease Models

One advantage of this method for targeted drug delivery in the brain is that it appears to be
“drug neutral” — that is, it appears that many agents with a wide range of properties can be
successfully delivered across the BBB and/or the BTB. A large number of imaging tracers
(Table 3) and therapeutic agents (Table 4) which normally do not cross the BBB have been
delivered to the brain or to brain tumor models with FUS and microbubbles. The amount of
substance delivered and the distance from the blood vessels that it penetrates appears to
depend on its size. This is evident in the examples shown in Figure 2, where less delivery of
an albumin-bound MRI contrast agent (MW: ~67 kDa) was evident compared to a standard
agent (MW: 928 Da) in a macaque. This is even more clear in the example shown in Figure
6, where delivery of fluorescent Dextrans with different molecular weights was examined
after sonication in the mouse hippocampus. For 3,000 Da Dextrans, a relatively uniform
fluorescence was observed; for the larger 70 kDa tracer, it was more concentrated near the
blood vessels, and a 2000 kDa was found not to penetrate at all [136]. This result points to a
need for close examination of how the delivery of large agents occurs — it may not be
enough to look for the presence of the agent, but to also investigate whether it is delivered
far enough from the vasculature at a high enough concentration to reach the desired target at
a therapeutic level. Low-resolution methods such as MRI may not be sufficient for this
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purpose. It may be possible, for example, for agents to make it past the endothelial cells but
get trapped at the basement membrane [137].

4.5.1 Delivery of Therapeutics—A large number of therapeutic agents have also been
delivered to the brain and to brain tumor models (Table 4). Many of the studies so far have
investigated the delivery of chemotherapy agents, such as BCNU [138], doxorubicin [96],
methotrexate [139], cytarabine [140], and temozolomide [141]. Enhanced delivery of
chemotherapy packaged in liposomes [83,142], targeted liposomes [143] and magnetic
particles [144-146], which allow for MRI-based tracking and enhanced delivery via
magnetic targeting, have also been demonstrated (Figure 7). Other works have shown
Trastuzumab, an antibody-based agent used for HER2-positive breast cancer [147,148], and
boronophenylalanine, which is used for boron neutron capture therapy, can be delivered to
the brain and to brain tumor models [149,150]. FUS-induced BBB disruption has also been
shown to improve the delivery of natural Killer cells in a brain tumor model [151]. Finally, a
number of experiments have loaded chemotherapy and other agents into the microbubbles
used for the disruption [146,152-155], which offers the possibility of achieving even higher
local payload at the targeted region.

Delivering agents for neurodegenerative diseases, such as Alzheimer's, Huntington's, and
Parkinson's disease, have also been an active area of research by several groups. A number
of therapies for neurodegenerative diseases such as neuroprotective agents [153,156],
antibodies [157,158], plasmid DNA [154], and siRNA [135] have all been successfully
delivered across the BBB using FUS and microbubbles. Other investigations have shown
that circulating neural progenitor cells [159] or viral vectors for gene therapy [160-162] can
be delivered to the sonicated regions after FUS-induced BBB disruption. An example of
delivery of adeno-associated virus serotype 9 via FUS-induced BBB disruption to the
different cell populations in the mouse brain is shown in Figure 8.

4.5.2 Disease Models—While delivery of these agents is promising, one also needs to
demonstrate that the amount of drug delivered — and the drug penetration — is sufficient to
produce a therapeutic response. In some cases it is also important to demonstrate that the
drug reaches the desired target and is active after it is delivered [156]. Several studies have
shown that FUS enhancement of the BTB can slow tumor growth and/or improve survival in
orthotopic murine models of primary or metastatic brain tumors
[138,141,142,144,145,148,163]. While in some cases the response has been modest, several
of these studies have seen substantial improvements. Using multiple treatments may be
necessary to achieve a pronounced improvement [142]. One factor that has not been
investigated in depth so far is to confirm that drugs can successfully be delivered to
infiltrating tumor cells, which are a major feature in glioma and other primary tumors, and to
metastatic “seeds”. Both can be protected by the normal BBB. The orthotopic models
investigated so far do generally not have large infiltrating zones, and the benefit observed in
studies so far may have been primarily due to FUS-enhanced permeability of the BTB. It
may be challenging to get therapeutic levels to distant regions that are protected by the BBB.
Some agents may have neurotoxic effects on the normal brain that may limit this ability.
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Beyond brain tumors, a study by Jordao et al. showed that delivery of antibodies targeted to
amyloid plaques can reduce the plaque burden in Alzheimer's disease model mice [158].
While the decrease was modest, with multiple treatment sessions this may be an effective
treatment strategy. In an intriguing follow-up study, the same group recently showed that
FUS-induced BBB disruption alone can reduce the size of the plaques, perhaps through the
delivery of endogenous antibodies [164]. We anticipate that these studies are only the
beginning, and that FUS has a large potential for Alzheimer's disease and other
neurodegenerative disorders. Issues regarding the feasibility and safety of disrupting the
BBB in large brain regions (or the whole brain — perhaps repeatedly) may be need further
investigation, however.

4.6 Methods to Plan, Monitor, and Evaluate FUS-induced BBB Disruption

As described above, FUS-induced BBB disruption utilizes the mechanical interactions
between microbubbles oscillating in the ultrasound field and the vasculature. These
interactions critically depend on the exposure parameters as well as the vascular density and
perhaps other properties of the vascular bed. The latter, can affect the local concentration of
microbubbles, how they interact with the ultrasound field [114], and, more importantly, how
much drug will be delivered to the brain [79]. Unfortunately, many of these parameters are
difficult to predict and are expected to vary significantly across different patients and
diseases. Thus, methods are needed to (i) determine what parameters to use (treatment
planning), (ii) refine them during sonication to ensure BBB disruption without overexposure
(treatment monitoring), and (iii) evaluate the treatment effects (treatment evaluation).

4.6.1 Treatment planning—In most cases, experiments evaluating FUS-induced BBB
disruption in animal models have used a fixed set of acoustic parameters determined from
prior experience and simple, geometrically-focused transducers. In general, accurate
targeting can be achieved with such systems using stereotactic frames [165] if image-
guidance is not available, and fairly repeatable results can be obtained with sonication
through the thin skull in mice and rats, or in larger animals through a craniotomy. Methods
to avoid standing waves [81] and that take into account variations in skull thickness [166]
can improve repeatability in small animal studies where transcranial sonication is used.

Such approaches may be challenging to translate to human subjects, where the thicker skull
is complex (a layer of trabecular bone surrounded by layers of cortical bone) and can vary
substantially between individuals (3.5-9.5 mm [167]). The skull, which has a substantially
higher acoustic impedance than soft tissue, will reflect most of the ultrasound beam, and the
amount transmitted will depend strongly on the angle between the bone and the face of the
transducer [168]. Its irregular shape can also deflect and distort the beam, and reflections
within the skull cavity need to be taken into account. To correct for beam-aberrations
introduced by thick skulls, phased arrays composed of more than 1000 elements combined
with skull aberration correction algorithms that utilize CT data are employed [57,58]. These
arrays can also be programmed to rapidly steer the beam electronically to multiple targets
enabling coverage of tissue volumes [79], and different portions of the array can be disabled
to reduce internal reflections or exclude certain structures.
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While these approaches that use acoustic simulations and CT scans are effective in restoring
the focusing of the array after transmission through the skull, clinical experience with them
for thermal ablation have shown that one still needs to correct for small errors (~1-2 mm) in
targeting [60,63]. To achieve this correction, one needs to be able to visualize the focal
region at exposure levels that do not induce damage or other unwanted effects. Currently,
this can be achieved using MRI-based methods that can visualize low-level (1-2°C) focal
heating [59,169] or map small tissue displacements of a few microns induced by radiation
force [170].

Ensuring accurate targeting will be most important if one aims to precisely disrupt the BBB
at discrete locations. In addition, since the strength of the total microbubble activity, as well
as magnitude of the disruption will depend on the vascularity of the targeted tissue (gray vs.
white matter, for example [79]), it will be important to know exactly where the target is
located. It might also be desirable to avoid direct sonication on large blood vessels. If one is
uncertain about the targeting of the focal region, it may be challenging to understand
whether a poor or unexpected result is due to an incorrect exposure level or to mistargeting.
Pre-treatment imaging delineating vascularity, perfusion, or other vascular properties may
prove useful for planning the treatment. It may also be useful to combine these
measurements with models of the microbubble oscillations within the microvasculature
[114,171].

Accurate control of the focal pressure is critical to ensure BBB disruption is produced while
preventing inertial cavitation. The thick and complex human skull makes accurate focal
pressure estimations extremely challenging. While the acoustic modeling methods
developed for aberration correction may provide estimates of the focal pressure amplitude, it
has not been validated to our knowledge. It may be possible to use the MRI-based methods
mentioned above that can visualize focal displacements or heating to ensure a predictable
focal pressure amplitude. Marty et al., for example, used MR acoustic radiation force
imaging to ensure a consistent exposure level between subjects in BBB disruption
experiments in rats [115]. However, one needs to take the underlying tissue properties
(which may be unknown for tumors or other abnormalities) into account or test it in
proximal normal brain locations.

4.6.2 Treatment monitoring and control—Given the challenges in predicting the focal
pressure amplitude when sonicating transcranially, we anticipate that effective monitoring of
the procedure will be important if this technology is to be translated to clinical use. At
minimum, such monitoring should provide an indication that the exposure level is sufficient
to induce BBB disruption and alert the user if inertial cavitation is occurring. One could use
MRI methods for this purpose. Contrast-enhanced imaging can be used to visualize when
the disruption occurs, and T2*-weighted or susceptibility-weighted MRI can be used to
detect petechiae produced by inertial cavitation [77,119]. These methods could be used now
for control over the procedure in initial clinical tests of FUS-induced BBB disruption with
experienced users. However, performing multiple MRI acquisitions would be time-
consuming and might require excessive amounts of both ultrasound and MRI contrast
agents. Real-time and, perhaps, more direct methods are likely necessary for widespread
clinical implementation.
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For real-time monitoring and control, a number of studies have investigated the use of
piezoelectric receivers operated in passive mode (i.e. only listening) to record and analyze
the diverging pressure waves (i.e. acoustic emissions) emitted by oscillating microbubbles
during FUS-induced BBB disruption [105-107,172,173]. The spectral content and strength
of the recorded emissions is sufficient to characterize and subsequently control the
microbubble oscillations. Inertial cavitation is manifested in the frequency domain of the
acoustic emission as a broadband signal [53], and has generally been associated with the
production of vascular damage during BBB disruption [105,107], although other studies
have suggested that it can occur without damage [106]. Harmonic and/or sub- and ultra-
harmonic acoustic emissions in the absence of broadband signal are indicative of stable
volumetric oscillations, which consistently have been associated with safe BBB disruption
[105-107]. Therefore, depending on the spectral content and strength of the emissions the
output of the device can be increased until strong harmonic, subharmonic, or ultraharmonic
emissions are observed, and decreased if broadband emissions are detected. O'Reilly et al.
demonstrated a closed-loop controller built around the detection of ultraharmonic emissions
to automatically select an acoustic exposure that could produce BBB disruption with little or
no petechiae [173]. We have been exploring the strength of the harmonic emissions as a
basis for such a controller, as we have found that we can reliably detect it before inertial
cavitation occurs and that it is correlated with the magnitude of the BBB disruption
measured via MRI contrast enhancement [105,107]. An example of this correlation observed
during transcranial BBB disruption in macaques using a clinical brain FUS system is shown
in Figure 9A.

If one can integrate a large number of receivers into the FUS system, one can use passive
reconstruction methods [174,175] to create two- or even three-dimensional maps of the
microbubble activity to ensure that it is occurring at the expected location. Examples from
experiments in our laboratory in macaques using a linear receiver array integrated into a
clinical brain FUS system are shown in Figure 9B-C. In these experiments, we found that
the cavitation activity in the passive acoustic maps (red area in Figure 9B—C) was co-
localized with the resulting BBB disruption [176].

4.6.3 Treatment evaluation—As described above, contrast-enhanced imaging and T2*-
or susceptibility-weighted imaging can be used to verify that BBB disruption has occurred
and whether significant vascular damage has occurred, respectively. For tumors, it may be
necessary to compare the signal enhancement after contrast injection to measurements
obtained before FUS. Other imaging modalities may also be useful [177]. If the contrast-
enhanced imaging is obtained before the therapeutic agent is injected, one can confirm that
the BBB disruption is only occurring at the targeted locations before administering the drug,
providing another level of control to ensure that drugs are delivered only to desired regions.

Post-treatment imaging could be more useful if one could use it to estimate drug uptake and
penetration in the brain. This can be achieved directly by labeling the drug with a contrast
agent for MRI or other modality [146]. It might also be possible to use a standard contrast
agent as a surrogate measurement. A number of studies have related signal intensity changes
of contrast-enhanced MRI at the end of the sonication with tissue drug concentrations
[83,147,178]. More quantitative and repeatable techniques, such as estimating contrast agent
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concentrations via T1-mapping [115,179] or vascular transfer coefficients via analysis of
dynamic contrast-enhanced MRI (DCE-MRI) [180] have been used to perform spatial and
temporal characterization of BBB permeability. DCE-MRI can also predict the resulting
payload of drugs to the brain [96] and in some cases, in tumors [179]. Examples showing
DCE-MRI evaluation of BBB disruption and its subsequent restoration over time, and its
relationship to concentrations of doxorubicin are shown in Figure 10. If one understands the
relationship between the concentrations of the therapeutic and the imaging contrast agent,
which can perhaps be established in animals, one might be able to titrate the drug
administration to achieve a desired level in the brain. However, this may be challenging in
tumors, where the vascular permeability can change over time [179].

5. Going forward

Based on the extensive preclinical experience described above, along with recent studies in
nonhuman primates [79,80] demonstrating that the method can be “scaled up” without
producing evident tissue damage or functional deficits even after repeated sessions [79], this
method for targeted drug delivery in the brain is ready in our view for initial safety tests in
humans, where it will hopefully reveal its enormous potential. Clinical transcranial MRI-
guided FUS systems [60,63] and commercially-available ultrasound contrast agents are
available and can be used for these tests. Given the huge clinical need and the existence of
available approved anticancer agents that are expected to be effective if they could be
adequately delivered, brain tumors may be an appropriate target for these initial tests.

Given MRI's high cost and complexity, coupled with the need in many cases to administer
therapeutics over multiple sessions, it would be desirable in the long run to develop systems
to provide FUS-induced BBB outside of the MRI environment. Passive cavitation
monitoring and/or mapping may be the enabling technology for this translation away from
MRI guidance. One can envision systems that use pre-treatment MRI and CT (to delineate
different tissue structures and skull density, respectively), along with “frameless” navigation
and cavitation monitoring to provide routine BBB disruption in an outpatient facility. A
number of technical developments, such as reducing targeting error during transcranial
sonication, finding methods to easily register the position of the skull within the FUS device
without a stereotactic frame, and developing methods to better quantify acoustic emissions
measurements obtained through the thicker human skull, are needed to reach this goal. In
our opinion, all of these things are achievable. It would also be desirable to remove the need
to shave the head, which is currently needed to allow for acoustic coupling. Attenuation
should not prevent this [181].

The potential of this technique to manipulate the amount of drug delivered to each point in
the brain can provide a level of control that is not readily available with existing
technologies. This control can be achieved by modulating the acoustic parameters to control
the “level” of the disruption, by analyzing the post-sonication contrast enhancement before
injecting the drug and titrating the drug dose, or by repeating sonication at select areas after
some delay to lengthen the time the barrier is disrupted [96]. It might even be possible to
tailor the sonication parameters and BBB disruption to the molecular weight of the
therapeutic agent. These methods may enable “dose painting” that can give clinicians new
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flexibility in how drugs are used in the CNS to maximize efficacy and minimizing side
effects. Further targeting and control can be achieved by loading drugs into microbubbles
[146,152-155] or by using magnetic targeting after FUS-induced BBB disruption [144—
146].

It will also be important to establish the feasibility and safety of targeting very large
volumes. Many promising applications of this technology (brain tumors, Alzheimer's
disease, etc.) will require sonication over large portions of the brain for greatest effect. This
can be achieved by systematically focusing the ultrasound beam to a large number of
individual targets. It should be possible to target the hundreds or thousands of focal points
needed to achieve such large-scale BBB disruption in a reasonable amount of time. Given
the low duty cycle and minimal acoustic exposure levels needed to induce the effect, many
targets can be sonicated simultaneously. For example, with the low duty cycle needed to
induce BBB disruption (1% or less), we can target 100 targets or more with electronic beam
steering with a phased array in the same amount of time it currently takes to disrupt one
location with the simple system we use for small animal experiments. While again this will
require technical improvements and more safety tests, we expect that achieving controlled,
large volume BBB disruption is achievable.

It would be helpful if the physical and/or physiological mechanisms by which the
mechanical effects of FUS and microbubbles induce BBB disruption were elucidated.
Without knowledge of the mechanism, one can only speculate on how one can optimize the
procedure, and we are left with performing time-consuming parametric studies. Given the
large parameter space in variables that can influence the magnitude of the BBB disruption, it
is possible that we have not stumbled upon parameters that can further improve upon the
safe window where BBB disruption is possible. Multidisciplinary approaches are very likely
to prove fruitful and could potentially identify a unique physiologic mechanism, perhaps
with interesting implications on the structure and function of the vasculature in the CNS.

Other tissues have barriers similar to the BBB and could benefit from similar microbubble-
enhanced sonications or prove to be simpler models to study the aforementioned
interactions. There is data demonstrating that disruption of the blood-retinal [182] and
blood-spinal cord [183] barriers can be disrupted by FUS, and that the glomerular function
in the kidney can be enhanced, presumably through changes in the “blood-urine barrier”
[184]. Also, using pressure amplitudes higher than are needed for FUS-induced BBB
disruption, one can use microbubble-enhanced sonications for ablation [185], thrombolysis
[186], or radiosensitization [187]. One can potentially combine one of these microbubble-
enhanced therapies with BBB disruption to produce a synergistic effect or to deliver
therapeutics in the surrounding tissues.

The clinical need for new approaches to bypass the BBB in order to increase the number of
drugs that can be used effectively in the CNS is tremendous. In addition to CNS disorders
such as brain tumors, stroke, trauma, and genetic neurodegenerative disorders, opportunities
may exist for a wide range of other applications. Examples include pain management, and
psychological disorders such as addiction, both of which may benefit from a technology that
permits drug transport to precise targets in the brain. Existing drugs for these conditions can
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have severe side effects that limit their use. With an ever-growing knowledge of brain
function and dysfunction, precise drug targeting in the CNS may prove to be particularly
important. Technical improvements that are achievable in our view could enable FUS to be
used on a wide scale for routine targeted drug delivery to the CNS.

6. Conclusion

FUS is a unique technology that can induce BBB or BTB permeabilization that is targeted,
noninvasive and transient. Extensive work in preclinical studies has demonstrated that it can
enable the delivery of therapeutics that normally do not reach the brain, and enhance their
delivery to brain tumors. The sonications do not appear to have any deleterious effects on
the brain, and the method is readily repeatable. MRI and acoustic methods to plan, monitor,
and evaluate the treatment offer the possibility of having control over where drugs are
delivered and in what concentration. Given the availability of clinical FUS devices capable
of focusing ultrasound through the intact human skull, along with recent safety studies
demonstrating the method can be performed safely in nonhuman primates, it appears that the
method is ready for initial clinical tests.
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Figure 1.
Contrast-enhanced T1-weighted MRI of the brain of a rhesus macaque showing

enhancement at four focal targets in the cingulate cortex after injection of Gd-DTPA. (Left
image: Axial; Middle: Sagittal; Right: Coronal). Enhancement of this MRI contrast agent,
which normally does not extravasate into the brain, indicates areas with BBB disruption.
Four targets were sonicated using a 220 kHz clinical MRI-guided FUS system along with an
infusion of Definity microbubbles. The dimensions of the disrupted spots were
approximately 3 mm wide and 4 mm long. Note the leakage of contrast agent into the
cingulate sulcus evident in the sagittal image (arrow). These images were obtained in a study
evaluating passive cavitation mapping during microbubble-enhanced FUS [176] (bar: 1 cm)

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 June 15.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Aryal et al.

Page 30

Figure 2.
Demonstration of FUS-induced BBB disruption using contrast enhanced MRI and trypan

blue. (A-C) Contrast-enhanced T1-weighted MRI after BBB disruption at six volumes in
the cingulate cortex. At each volume, the focal region was steered electronically in sequence
to nine targets in a 3x3 grid using a phased array. (A) Low-level enhancement observed with
gadofosveset trisodium, an MR contrast agent that binds to albumin in the blood (MW of
albumin: ~67 kDa); it was administered before sonication. (B) Enhancement after injection
of Gd-DTPA (MW: 938 Da). The inset in (B) shows the same view in T2-weighted imaging.
The enhancement patterns correspond to regions of cortical gray matter visible in T2-
weighted imaging. (C) Sagittal view of Gd-DTPA enhancement, which included leakage of
agent into a sulcus (arrow). (D—-E) Volumetric BBB disruption at three targets centered on
the boundary between the cingulate cortex and white matter; from another experimental
session in this animal. (D) T1-weighted MRI showing Gd-DTPA extravasation in the
cingulate cortex, but not in the white matter. (E) Photograph of formalin-fixed brain
showing trypan blue extravasation into both the cingulate cortex and white matter. This
differential enhancement between gray and white matter presumably reflects differences in
vascular density. The white matter component of two of these targets is shown with
increased image contrast in the inset to better visualize low-level trypan blue extravasation.
(scale bars: 1 cm). Reprinted from Cancer Research 2012; 72:3652-3663; © 2012 American
Association for Cancer Research
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Figure 3.
Normal-appearing histology after FUS-induced BBB disruption. This example was obtained

after volumetric sonication to induce BBB disruption in the hippocampus and lateral
geniculate nucleus (LGN) in macaque. This target was sonicated approximately two hours
before the animal was sacrificed and in seven prior sessions over several months. (A) Axial
contrast-enhanced T1-weighted MRI showing BBB disruption induced by sonicating nine
targets in a 3x3 grid. (B) Low-magnification microphotograph showing histology in the
hippocampus/LGN. (C-D) High-magnification views showing normal-appearing layers in
the LGN. (E-G): High-magnification views of hippocampus showing the granular cell layer
(E) and the pyramid layers (F-G). H: Blood vessels in the LGN with a few extravasated red
blood cells, presumably from the last sonication session. Only a very small number of such
extravasations were found. (B-G: Nissl; H: H&E; scale bars: A: 1 cm, B-D: 1 mm, E-H:
200 pum). Reprinted from Cancer Research 2012; 72:3652-3663; © 2012 American
Association for Cancer Research.
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Figure 4.
BBB permeability for horseradish peroxidase (HRP). (A) Photomicrograph showing part of

a cross-sectioned microvessel and the surrounding nerve tissue from a nonsonicated area. No
HRP passage to the basement membrane (arrowheads) or the neuropil (NP) can be seen. The
lumen (L) appears empty because the tracer was washed out during perfusion fixation. (B) A
portion of a microvessel with adjacent nerve tissue from a sample obtained 1 h after
sonication. Passage of HRP (black color) through several interendothelial clefts is indicated
by arrowheads. The tracer has infiltrated the basement membrane (B) and the interstitial
space (arrows) in the neuropil. (C) A portion of longitudinally sectioned capillary in a
sample obtained 2 h after sonication. The tracer is present in the junctional cleft (arrows),
the basement membrane (B) and the interstitial spaces (asterisks) between myelinated axons
(AX). (D) Full restoration of the tight junctional barrier function 4 h after sonication.
Immersion fixation (instead of perfusion fixation) was used in this brain and permits
visualization of the tracer (black) filling the lumen (L) and being stopped at the first tight-
junction (arrow). No penetration can be seen in the rest of the junctional cleft (arrowheads),
nor in the basement membrane (B) or neuropil (NP). E: endothelial cell cytoplasm; RBC:
red blood cell in the lumen. Scale bars: 200 nm. Modified from Ultrasound in Med. & Biol.,
Vol. 34, No. 7, pp. 1093-1104, 2008; Copyright © 2008 World Federation for Ultrasound in
Medicine & Biology. (E) Electron micrograph of an arteriole 1 h after sonication at 0.26
MHz. An intense vesicular transport is demonstrated by the increased number of HRP-
positive caveolae (arrows). Significantly fewer vesicles were observed in capillaries and
venules. L: lumen. Modified from Ultrasound in Med. & Biol., Vol. 32, No. 9, pp. 1399-
1409, 2006; Copyright © 2006 World Federation for Ultrasound in Medicine & Biology
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Before FUS During FUS After FUS

Figure 5.
Vascular effects observed in real time during FUS-induced BBB disruption using in vivo

multiphoton microscopy. Each frame is a 615x615 um image acquired using in a mouse
before, during, and approximately 20 min after sonication. Arterioles and veins (determined
by dye transit) are marked "a' and "V’ respectively, in the first frame. The animal received
0.1mL (2 mg/mL) 10 kDa, dextran-conjugated Alexa Fluor 488 intravenously ~5 mins
before imaging (green in images) Immediately after the first frame was taken, a 45-sec US
exposure was initiated and a 0.1mL bolus (10 mg/mL) of 70 kDa, dextran-conjugated Texas
Red was delivered intravenously (red in images). Almost total occlusion of the large vessel
in the center of the field occurred 12 secs after the initiation of US (arrow). Beginning at 60
secs and by 305 secs, leakage in the green channel is apparent in the lower left of the field,
and around the central vessel. Modified from Journal of Cerebral Blood Flow & Metabolism
2007;27(2):393-403; Copyright © 2006 ISCBFM.
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Figure 6.
Delivery of fluorescent dextrans with different sizes across the BBB in a mouse using FUS

and microbubbles (A: 3 kDa; B: 10 kDa; C: 70 kDa; bar: 1 mm). Diffuse fluorescence
regions can be observed for all dextrans, whereas spots of high fluorescence are observed
only with the 70-kDa dextran. Modified from Proc Natl Acad Sci U S A 2011; 108: 16539-
16544; © 2011 by The National Academy of Sciences of the USA.
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Control

Figure 7.
Confocal micrographs of tissue from tumor after FUS-induced BTB permeabilization

followed by magnetic targeting and contralateral brain regions after delivery of magnetic
nanoparticles (MNPs) loaded with epirubicin. Dark structures in the phase micrographs
show MNPs (Left); fused fluorescence images (Right) indicate the presence of epirubicin
(red) and DAPI-stained nuclei (blue). Arrows indicate the capillaries; epirubicin occurs in
the capillary beds but does not penetrate into the brain parenchyma. Modified from Proc
Natl Acad Sci U S A 2010; 107: 15205-15210; © 2011 by The National Academy of
Sciences of the USA.
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50 um

Figure 8.
Gene transfer to neurons, astrocytes, and oligodendrocytes after delivery of adeno-

associated virus serotype 9 carrying the green fluorescent protein (GFP) to the mouse brain
via FUS-induced BBB disruption. Immunohistochemistry was used to detect GFP
expression in hippocampus for (a) NeuN-positive cells (neurons, white arrows), and striatum
for (b) GFAP-positive cells (astrocytes, white arrows) and (c) Olig2-positive cells
(oligodendrocytes, white arrow). Modified from Human Gene Therapy 23:1144-1155
(November 2012); © 2012 Mary Ann Liebert, Inc.
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Figure 9.
Comparison of MRI signal enhancement with microbubble acoustic emissions. (A) MRI

signal enhancement after Gd-DTPA injection plotted as a function of the harmonic
emissions signal strength measured with single-element detectors. A clear relationship
between the two measurements was observed with a good fit to an exponential. The
agreement appeared to hold among different animals and in cases where targets with low-
level harmonic emissions were sonicated a second time with either a higher power level or
an increased dose of microbubbles. Reprinted from PLoS ONE 7(9): e45783. doi:10.1371/
journal.pone.0045783; © 2012 Arvanitis et al. (B—C) Comparison between MRI signal
enhancement and passive cavitation mapping. (B) Map showing the enhancement relative to
a pre-contrast image. (C) Fusion of passive acoustic map with the T1-weighted MRI from
(B). The red region shows the pixels in the cavitation map within 95% of the maximum
value. This region overlapped with the contrast enhancement. The pixel with the maximum
cavitation activity is noted with a “+”. The enhancement from other targets sonicated in the
same session is visible; Modified from Phys Med Biol 58.14 (2013): 4749-61; © 2013
Institute of Physics and Engineering in Medicine.
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Figure 10.
Using DCE-MRI to evaluate FUS-BBB disruption. (A—B) Mean Kiyans Values measured vs.

time from DCE-MRI in regions of interest at sonicated locations and in corresponding non-
sonicated structures in the contralateral hemisphere. The decay of K, which occurred due to
restoration of the BBB, was fit to an exponential decay (solid line; dotted lines: 95% CI).
(A) Decay after a single sonication. (B) Time course after two sonications separated by 120
min. The second sonication increased the amount of time the barrier was disrupted. Values
were significantly higher than in control locations in the contralateral hemisphere (**P<0.01
and *P<0.05). (C) DOX concentration achieved at the sonicated locations as function of
Kirans measured using DCE-MRI 30 min after sonication. The DOX concentration was
measured approximately 16 hrs later for brain targets in single sonication (SS), single
sonication with hyperintense spots in T2* weighted image (SS (+ T2*)), double sonication
with 10 min interval (DS 10 min), and double sonication with 120 min interval (DS 120
min). The solid line shows a linear regression of the data (slope: 28,824 ng/g DOX per
change in Kyans in min~L; intercept: 377 ng/g DOX; R: 0.7). Modified from Journal of
Controlled Release 2012;162:134-142; © 2012 Elsevier B.V.
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Different methods investigated to get around the BBB to deliver drugs to the brain

Method

Advantages

Disadvantages

Direct injection, convection-enhanced delivery,
implantable devices

Intrathecal, intraventricular injection
Trans-nasal delivery

BBB disruption via arterial injection of osmotic
solution or other agents

Modification of drugs to cross barrier through

endogenous transport mechanisms

BBB disruption via FUS and microbubbles

High local drug concentrations can be
achieved; systemic administration avoided.

Effectively delivers drugs to subarachnoid
space, brain surface.

Noninvasive; easy to administer;
repeatable.

Effectively delivers drugs to large brain
regions; large clinical experience.

Easily administered; delivered to whole
brain.

Noninvasive; readily repeatable; can target
drug delivery to desired volumes; can
control “magnitude” of disruption; can be
combined with drug-loaded microbubbles
or magnetic particles for additional
targeting.

Invasive; side effects; challenging to
control; not readily repeatable.

Little drug penetration beyond brain
surface; invasive.

Small volume of drug delivered;
interindividual variability.

Invasive; requires general anesthesia;
side effects; not readily repeatable.

Requires systemic administration;
expensive; each drug requires new
development; clinical data lacking.

Requires systemic administration;
currently technically challenging; large
volume/whole brain disruption
unproven; no clinical data.
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Table 2

Reported effects of different parameters on BBB disruption via FUS and microbubbles

Parameter

Effect on BBB disruption

Pressure amplitude

Ultrasound frequency

Burst length

Pulse repetition frequency

Ultrasound contrast agent dose

Sonication duration

Microbubble diameter

Ultrasound contrast agent

Increase in BBB disruption magnitude as pressure amplitude increases; saturation at some point [82-84];
vascular damage produced at high pressure amplitudes.

Decrease in BBB disruption threshold as frequency decreases; some evidence of improved safety for lower
frequencies [85].

For burst lengths less than 10 ms, BBB disruption threshold increases and BBB disruption magnitude
decreases as burst length is reduced [86,90-92]; little or no increase in disruption magnitude for longer bursts
[77,81,90].

BBB disruption magnitude increases as repetition frequency increases up to a point [90]. Other works have
observed no effect on BBB disruption magnitude [86].

Magnitude of BBB disruption increases with dose [83,90,94,188]; other experiments have reported no effect
[86].

Longer durations [84] or repeated sonication [96,97] increase magnitude of BBB disruption; damage reported
with excessive sonication [84,97].

Threshold for BBB disruption lower for larger microbubbles; disruption magnitude increased with larger
microbubbles [87-89].

Similar outcomes reported for Optison® and Defmity® microbubbles [189]. Sonovue® microbubbles and
research agents are also commonly used.
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Table 3

Example different tracers that have been delivered across the BBB

Agent Size Use

Lanthanum chloride 139 Da Electron microscopy tracer [109]
99mTc-Diethylenetriaminepentaacetic pentaacetate 492 Da SPECT agent [190]

Omniscan® (Gd-DTPA-BMA) 574 Da MRI contrast agent [89]

Magnevist® (Gd-DTPA) 928 Da MRI contrast agent [77]

Trypan blue, Evans blue ~67 kDa Tissue dyes (binds to albumin) [79,191]
Ablavar® (Gadofosveset trisodium) ~67 kDa MRI contrast agent (binds to albumin) [79]
Horseradish peroxidase 40 kDa Electron microscopy tracer [78]

Dextran 3-70 kDa  Fluorescent tracer [136]

Immunoglobulin G ~150 kDa  Endogenous antibodies [157]
oCMV-EGFPL ? PlasmidDNA [192]

MION-47 20 nm MRI contrast agent [120]

Gold nanoparticles 50 nm Carrier for drugs or imaging [193]

Gold nanorods 10x40 nm  Photoacoustic imaging contrast agent [194]
Dotarem, P846, P792, P904, P03680 1-65 nm MRI contrast agents [115]

lLoaded into a microbubble
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