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SYSTEMS AND METHODS FOR OPENING OF A TISSUE BARRIER IN
PRIMATES

CROSS REFERENCE TO RELATED APPLICATIONS
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61/490,440, filed on May 26, 201 1, the disclosure of which is incorporated by

reference herein in its entirety. This application is also related to U.S. Patent

Application No. 12/077,612, filed March 19, 2008, International Patent Application

No. PCT/US2009/056565, filed September 0, 2009, International Patent Application

No. PCT/US201 0/049681, filed on September 21, 2010, and U.S. Patent Application

No. 13/426,400, filed on March 21, 2012, the disclosure of each of which is

incorporated by reference herein in its entirety.
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The government has certain rights in the invention.

BACKGROUND

Certain neurological disorders and neurodegenerative diseases, such as

Alzheimer's disease and Parkinson's disease, can be difficult to treat due at least in

part to the impermeability of the blood-brain barrier (BBB). Mechanical stress

induced by the activation of microbubbles in an acoustic field one noninvasive

technique to temporarily open the BBB, and can be performed without damaging the

surrounding tissue. BBB opening with focused ultrasound (FUS) can be performed in

some animals, including mice, rabbits, rats, and pigs. However, extending this

technique to other species is difficult due to differences in physiology and anatomy.

A passive cavitation detector (PCD) can be used to transcranially

acquire acoustic emissions from interaction between a microbubble and brain tissue

during BBB opening in mice. This manner of transcranial cavitation detection in

other species, for example monkeys, is more difficult at least in part because the



thickness and attenuation of a monkey skull can be as much as about 2.5 times higher

than a murine skull. Thus, improved systems and techniques for opening of a tissue

barrier in primates, including systems and techniques for performing in vivo

transcranial and noninvasive cavitation detection are needed.

SUMMARY

Systems and methods for cavitation-guided opening of a tissue in a

primate are disclosed herein.

In one embodiment of the disclosed subject matter, a method for

cavitation-guided opening of a targeted region of tissue within a primate skull

includes delivering one or more microbubbles to proximate the targeted region,

applying an ultrasound beam, using a transducer, through the skull of the primate to

the targeted region to open the tissue, transcranially acquiring acoustic emissions

produced from an interaction between the one or more microbubbles and the tissue,

and determining a cavitation spectrum from the acquired acoustic emissions.

In some embodiments, the method can be performed in vivo. The

method can include determining the distance between the skull and the transducer

based on the acoustic emissions, and the method can include determining a focal

depth of the transducer based on the acoustic emissions.

In some embodiments, the method can include determining an

obstruction of the opening of the tissue based on the cavitation spectrum, and

determining the obstruction can include detecting a vessel between the ultrasound

beam and the targeted region or proximate to the targeted region. The method can

include adjusting the targeted region based on the obstruction, and in some

embodiments, the adjusting can include adjusting the targeted region by avoiding the

vessel or shielding by the vessel.

In some embodiments, the method can include determining the

presence of inertial cavitation during opening, and/or adjusting one or more

parameters to prevent the inertial cavitation. The one or more parameters can be a

size of the one or more microbubbles and/or an acoustic pressure of the ultrasound

beam. Adjusting the one or more parameters can include selecting the one or more

microbubbles having a size within a range of between about 1 to 10 microns, or in

some embodiments, between about 4 to 5 microns. Additionally or alternatively,



adjusting the one or more parameters can include adjusting the acoustic pressure of

the ultrasound to be within a range between about 0.10 to 0.45 Pa at the targeted

region.

In another embodiment of the disclosed subject mater, a system for in

vivo, cavitation-guided opening of a targeted region of tissue within a primate skull

includes an introducer to deliver one or more microbubbles to proximate the targeted

region, a transducer, coupled to the targeting assembly, to apply an ultrasound beam

through the skull of the primate to the targeted region to open the tissue, a cavitation

detector, adapted for coupling to the skull and for transcranial acquisition of acoustic

emissions produced from an interaction between the one or more microbubbles and

the tissue; and a processor, coupled to the cavitation detector, configured to determine

a cavitation spectrum from the acquired acoustic emissions.

In some embodiments, the processor can be further configured to

determine the distance between the skull and the transducer based on the acoustic

emissions. Additionally or alternatively, the processor can be further configured to

determine a focal depth of the transducer based on the acoustic emissions.

In some embodiments, the processor can be further configured to

determine an obstruction of the opening of the tissue based on the cavitation

spectrum. The obstruction can include a vessel between the ultrasound beam and the

targeted region and/or proximate to the targeted region. The processor can be further

configured to adjust the targeted region based on the obstruction. Additionally or

alternatively, the processor can be further configured to adjust the targeted region

based on the obstruction to avoid the vessel and/or shielding by the vessel.

In some embodiments, the processor can be further configured to

determine the presence of inertial cavitation during opening, and adjust one or more

parameters to prevent the inertial cavitation. The one or more parameters can be a

size of the one or more microbubbles and/or an acoustic pressure of the ultrasound

beam. The size of the one or more microbubbles can be adjusted to within a range of

between about 1 to 10 microns, or in some embodiments, between about 4 to 5

microns. The acoustic pressure can be adjusted to within a range between about 0 . 0

to 0.45 MPa at the targeted region.



BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated and constitute

part of this disclosure, illustrate some embodiments of the disclosed subject matter.

FIGS la- d are diagrams illustrating an exemplary system for

cavitation- guided opening of a tissue in a primate in accordance with an exemplary

embodiment of the disclosed subject matter.

FIGS. 2a-2c are diagrams illustrating an exemplary targeting method

for use with a method for cavitation-guided opening of a tissue in a primate in

accordance with an exemplary embodiment of the disclosed subject matter.

FIG. 3 are images illustrating targeting regions in a brain for

cavitation-guided opening of a tissue in a primate in accordance with an exemplary

embodiment of the disclosed subject matter.

FIG. 4 is a diagram illustrating an exemplary method for cavitation-

guided opening of a tissue in a primate in accordance with an exemplary embodiment

of the disclosed subject matter.

FIGS. 5a-5f are images illustrating further features of the method of

FIG. 4.

FIGS. 6a-6c are images illustrating further features of the method of

FIG. 4.

FIGS. 7a-7j are images illustrating further features of the method of

FIG. 4.

FIGS. 8a-8f are images illustrating further features of the method of

FIG. 4 .

FIG. 9 includes images illustrating further features of the method of

FIG. 4.

FIG. 0 includes images illustrating further features of the method of

FIG. 4.

FIG. is a graph illustrating further features of the method of FIG. 4.

FIG. 12 is a graph illustrating further features of the method of FIG. 4.

FIG. 1 includes images illustrating further features of the method of

FIG. 4.

FIGS. 14a-14c are images illustrating further features of the method of

FIG. 4.



Throughout the figures and specification the same reference numerals

are used to indicate similar features and/or structures.

DETAILED DESCRIPTION

The systems and methods described herein are useful for in vivo

transcranial, noninvasive cavitation detection and opening of a tissue with

microbubbles and allow for real-time monitoring. Although the description provides

as an example opening the blood-brain barrier (BBB), the systems and methods

herein are useful for opening other tissues, such as muscular tissue, liver tissue or

tumorous tissue, among others.

The subject matter disclosed herein include methods and systems for

cavitation-guided opening of a tissue in a primate. Accordingly, the techniques

described herein make use of transcranially- acquired acoustic emissions produced

from an interaction between the one or more microbubbles and the tissue, and

determine a cavitation spectrum from the acquired acoustic emissions. The cavitation

spectrum can be used, for example, to determine an obstruction of the opening of the

tissue, and/or to adjust targeting of the tissue to avoid the obstruction. Thus, the

disclosed subject matter can be utilized to perform a cavitation-guided BBB opening

to improve monitoring of the target of sonication.

FIGS. l a- show an exemplary system for in vivo FUS-induced BBB

opening according to the disclosed subject matter. FIG. d illustrates an exemplary

embodiment of a system 00 for in vivo cavitation-guided opening of a tissue in a

primate according to the disclosed subject matter. A single-element, circular FUS

transducer 102 which can have a hole in its center and be driven by a function

generator 104 (for example, obtained from Agilent Technologies, Palo Alto, CA,

USA) through a 50 dB power amplifier 6 (for example, obtained from ENI Inc.,

Rochester, NY, USA). The FUS transducer 102 can be mounted on a standard

monkey stereotaxic frame for improved positioning accuracy, as shown for example

in FIGS. 2a-2c. As shown in FIG. Id, the FUS transducer 102 can be further coupled

to the scalp and/or skull of the primate using a coupling medium, which can be for

example a coupling gel as embodied herein. The center frequency, focal depth, outer

radius and inner radius of the FUS transducer, as embodied herein, are 500 kHz, 90

mm, 30 mm, and 11.2 mm, respectively. A single-element PCD 08 (as embodied



herein with a center frequency: 7.5 MHz, focal length: 60 mm, Olympus NDT,

Waltham, MA, USA) can be configured through the center hole of the FUS

transducer 02 The FUS transducer 102 and the PCD 108 can be aligned so that

their focal regions overlap within the confocal volume. The PCD 108 can be

connected to a digitizer 1 0 (for example, obtained from Gage Applied Technologies,

Inc., Lachine, QC, Canada) through a 20 dB preamplifier (for example, model no.

5800 obtained from Olympus NDT, Waltham, MA, USA), and can be used to

passively acquire acoustic emissions from microbubbles.

FIGS. 2a-2c illustrate an exemplary targeting system for i vivo FUS-

induced BBB opening according to the disclosed subject matter. As shown in FIG.

2a, a positioning rod indicating the position of the focus (for example, 5 cm away

from the edge of the transducer) can be used to target. n FIG. 2b, the positioning rod

can be mounted on the manipulator to locate the origin of the stereotactic coordinates.

In FIG. 2c, the origin of the stereotactic coordinates, which can be indicated by an

engraved cross on a metal piece between ear-bars, can be targeted with the tip of the

positioning rod.

An exemplary method according to the disclosed subject matter was

performed on five male rhesus macaques over the course of 12 sessions (a total of 25

sonications), with two different protocols (A and B) implemented as shown in Table 1

and described further below. The acoustic parameters of each protocol, such as the

pulse length (PL), pulse repetition frequency (PRF), microbubbles used, and peak

rarefractional pressure (PRP) are provided. A corresponding targeting region and

number (#) denotes the number of sonications performed in a region, such as the

Visual Cortex (VC), Hippocampus (HC), Caudate (Ca), and Putamen (Pu). N denotes

the number of monkeys. The corresponding targeting regions are illustrated in FIG.

3, in horizontal, coronal and sagittal views of the brain.

As embodied herein and shown in Table 1, in some protocols, 4 5 µηι

microbubbles were utilized, which were manufactured in-house and size-isolated

using differential centrifugation. In some protocols, polydispersed Definity®

microbubbles (from Lantheus Medical Imaging, MA, USA) were utilized. Sonication

was performed after intravenous (IV) injection of 500 microbubbles for all

monkeys.



Protocol PL P (Hz) ic b bble PNP (MPa) Targeting ( ) N

0.20 VC (1) 1

A 0 cycles 10 De ity 0.25 VC (1) 1

030 VC (1) 1

0.30 HC (3) 2

Definity® 0.45 HC (3) 2

0.60 HC (1) 1
B 5000 cycles

0.30 VC (2), Ca(2), P (i) 4

4-5 µη 0.45 VC (4) Ca (1), HC (1) 4
0.60 VC (2), HC (2) 1

Table 1

An exemplary method according to the disclosed subject matter is

illustrated in FIG. 4. Two exemplary targets at 0.30 MPa (indicated with the dark

circle) and 0.45 MPa (indicated with the light circle) are also illustrated. As

described above, at 402, microbubbles can be intravenously injected into the monkey.

At 404, FUS and passive cavitation detection are performed. As embodied herein, for

application of the FUS, all animals were anesthetized with 2% isoflurane (carrier gas:

oxygen). The heart rate was held at approximately 1 0 beats per minute and the

respiratory rate at around 60 breaths per minute. Prior to sonication, the scalp hair

was removed with a depilatory cream to improve acoustic transmission. The animal's

head was then placed in a stereotactic frame to facilitate targeting of the ultrasound.

The sonication was performed after intravenous (IV) injection of a 500-µ

microbubble bolus in all experiments (5 l 09 numbers/mL for customized

microbubbles and 1.2xl0 numbers/mL for Defmity ®) . Targeting was further

improved using a manipulator and a positioning rod indicating the position of the

focus relative to the stereotaxic coordinates (as shown in FIG. 2).

Magnetic resonance imaging (M I) at 3.0 T (Philips Medical Systems,

Andover, MA, USA) was used to confirm and quantify the BBB opening following

the opening. Three-dimensional (3D) spoiled gradient T -weighted sequences

(TR/TE=20/ 1.4 ms flip angle: 30°; NEX=2; spatial resolution: 500x500 µ ; slice

thickness: 1 mm with no inter slice gap) were applied after intravenous (IV) injection

of gadodiamide (from Omniscan®, GE Healthcare, Princeton, NJ, USA) about 1 hour

after sonication. Gadodiamide presence in the brain parenchyma was induced by the

BBB opening. 3D T2-weighted sequence (TR/TE=3 000/80; flip angle: 90°; NEX=3;

spatial resolution: 400x400 µη ; slice thickness: 2 mm with no interslice gap) and 3D



Susceptibility-Weighted Image (SWI) sequence were applied (TR/TE=19/27 ms; flip

angle: 15°; NEX=1; spatial resolution: 400x400 µηι2; slice thickness: 1 mm with no

interslice gap) and were used to assess brain damage. In the session of closing

timeline and accuracy, FSL, a library of analysis tools for brain imaging data,

was used to perform the image registration to keep the brain orientation at the same

location for the closing timeline determination, and the focal shift identification.

As discussed above, two exemplary protocols were implemented

herein. In protocol A in Table 1, Definity® microbubbles were utilized with relatively

short PL (for example, 00 cycles) at 0.20 — 0.30 Pa . The results are illustrated in

FIGS. 5a-5f. FIG. 5a shows a spectrogram without microbubble administration as a

baseline. Spectrograms during FUS sonication of a monkey at 0.20 MPa (FIG. 5b),

0.25 MPa (FIG. 5c) and 0.30 MPa (FIG. 5d), and magnetic resonance (MR) images

with coronal (FIG. 5e) and sagittal planes (FIG. 5f) are also shown. FIGS. 5a-5f

illustrate that no BBB opening was induced with protocol A, for example in the

region indicated with the dashed circle, although inertial cavitation, i.e., broadband

response, was shown in each case. Thus, microbubble response was detected through

the monkey skull.

In protocol B in Table 1, relatively long PL (for example, 5000 cycles)

and higher pressure (0.30 — 0.60 MPa) were applied with Defmity® or 4-5~µη

diameter bubbles. FIG. 6a shows a spectrogram without microbubble administration

as a baseline. FIG. 6b shows a spectrogram during FUS sonication of a monkey at

0.45 MPa and indicates a broadband response. FIG. 6c shows an MR image of the

sagittal plane, and indicates that no BBB opening was induced, for example in the

region of the dashed circle. Thus, as shown in FIG. 6, no BBB opening was induced

at 0.45 MPa using Definity®, but a broadband response was detected.

In protocol B using the 4-5-µη microbubbles, however, the BBB was

opened at 0.30 and 0.45 MPa. FIG. 7a is the baseline image showing no higher

harmonics or broadband response present. The spectrogram corresponding to the first

pulse with microbubbles administered shows that broadband acoustic emissions, i.e.,

inertial cavitation, are detected at 0.30 MPa (FIG. 7b) and 0.45 MPa (FIG. 7c). The

white arrow in FIG. 7c indicates that the time-point of occurrence of the second

harmonic coincides with the travel distance to the skull. Therefore, harmonics higher

than the 3rd harmonic and any broadband response in FIGS. 7b and 7c can be

considered to be due to microbubble effects. MR images in FIGS. 7d-7h confirm



opening of the BBB. Deposition of the MR contrast agent in the brain tissue after

ultrasound exposure detected in the MR images indicate that the BBB was opened at

0.30 MPa (shown in FIG. 7d, 7e, and 7g) and 0.45 MPa (shown in FIG. 7f and 7h)

using the 4-5- µιη bubbles. At least the white matter can be observed to be opened in

FIGS. 7d-7h in the circled region. The peak MR intensity enhancement at the BBB-

opened region relative to the average value in the parenchyma was increased by

1 % and 48% at 0.3 MPa and 0.45 MPa, respectively. The volume of the BBB

disruption was 24.6 mm3 and 30.5 mm3, respectively. The two distinct opened sites

were separated by a distance of 4.74 mm.

The spectrograms obtained during treatment can also provide targeting

guidance. The different time of flight for each harmonic can allow the depth at which

different phenomena occurs to be determined. For example, FIG.7i shows the

spectrogram of FIG. 7c, providing the depth corresponding to the time of flight for

each harmonic. In FIG. 7i, bubble activity at the focus and non-linear effects induced

by the skull (as indicated by the white arrow) can be distinguished. As such, bubble

activity can be measured to occur about 4.5 cm below the skull, which is in

agreement with the initial MR-atlas planning.

The skull can be used as a reference point to quantify the depth of the

transducer focus. Due to the amount of pressure applied during treatment, certain

non-linear effects induced by the bone interface can not always be detected during

sonication. To avoid this, the pressure can be increased during the control acquisition

until the appearance of the second harmonic (as shown in FIG. 7j). The pressure can

be safely increased because, at this point of the procedure, bubbles generally are not

present in the system. Thus, based on the acoustic emissions shown in FIG. 7j, the

skull depth can be determined, and the result can displayed, for example on a real

time PCD monitoring, to provide treatment guidance.

The MRI sequence described above and an IV contrast agent injection

were repeated six days after BBB opening. No intensity enhancement was observed

indicating that the BBB was closed or reinstated. T2-weighted and susceptibility-

weighted MRI sequences were used to assess potential brain damage after ME-FUS.

FIGS. 8a, 8c and 8d show the 3D T2-weighted sequence. FIGS. 8b, 8e and 8f show

susceptibility-weighted image (SWI) sequence. The sonicated regions are highlighted

in dashed circles. No edemas or hemorrhages can be seen in the sonicated regions.

The same protocol described above was repeated for the two following sessions



applying 0.6 Pa and two different kinds of microbubbles. The results are shown in

FIGS. 9 and 10. FIG. 9 shows images from sonication performed using the Definity ®

microbubbles and applying 0.6 MPa to the targeted region (indicated by the dashed

circles). The 3D Spoiled Gradient-Echo (SPGR) T -weighted sequence was applied

after intravenous injection of gadodi amide about 1 hour after sonication. No damage

is shown in the T2-weighted sequence. FIG. 0 shows images from sonication

performed using the customized microbubbles and applying 0.6 MPa to the targeted

region (indicated by the dashed circles). The 3D SPGR Tl -weighted sequence was

applied after intravenous injection of gadodiamide about 1 hour after sonication. An

edema is indicated in the T2-weighted sequence.

The T -weighted MR sequences were used to track the diffusion of

gadodiamide. The peak MR intensity enhancement at the BBB-opened region

relative to the average value in the parenchyma was increased by 68% and 41% using

the customized and Definity ® microbubbles, respectively. The volume of the BBB

disruption was equal to 285.5 mm3 and 116.3 mm3, respectively. The BBB opening

regions at the caudate and the hippocampus were shifted from the targeted location by

respectively 0.6 mm and 0.9 mm laterally and 6.5 mm and 7.2 mm axially. T2-

weighted MR sequences were also used to assess potential damage in the brain. An

edematous region was detected on the T -weighted MR in one case using the

custom-made microbubbles while no damage was detected using Definity ® with the

same acoustic parameters. A subsequent qualitative assessment of basic animal

behavior has been performed. Normal cognitive behavior has been noted following

ME-FUS procedures at moderate pressures and using Definity ®. In the case of the 0.6

MPa application of the customized microbubbles, the animal showing the edema

exhibited a weakness in the contra-lateral arm over four days after treatment, but then

showed a recovery after the four days. The corresponding spectrogram showed that a

large broadband signal was recorded for both the customized and Definity ®

microbubbles.

As shown in Table 1, a total of BBB openings were induced at 0.30

and 0.45 MPa using 4-5- µηι diameter bubbles. A correlation between the inertial

cavitation dose (ICD) and the BBB opening volume is shown in FIG. 1. At 0.60

MPa, because the BBB opening volume was due to the combination of four

sonications (two in the visual cortex and two in the hippocampus), this opening

volume (285.5 mm3) is not included in FIG. 1 . The stable cavitation dose (SCD) at



all ultra-harmonics of difference regions at 0.30 and 0.45 MPa is shown in FIG. 1 .

At 0.30 MPa, the amplitude at ultra-harmonics was the largest in the putamen and the

lowest in the visual cortex. At 0.45 MPa, the amplitude in the visual cortex was

higher than in the caudate and the hippocampus.

The duration of BBB opening and the corresponding opening volume

of each scan are illustrated in FIG. 13. BBB opening was performed in a monkey

caudate using 0.30 MPa and 4-5 µη microbubbles. The highlighted region in the

images illustrates the opening region, which is no longer visible in day 4 . The

corresponding quantification of BBB opening volume in the graph indicates that the

BBB is nearly closed on day 2. The error bar illustrates the standard deviation of the

MR intensity of the BBB opening area. Thus, at 0.30 MPa, the BBB was opened in

the caudate, and the opening was reinstated after two days. On day 4, the opened

BBB was completely recovered. The targeting precision was also investigated. An

axial shift of the focus was found to be about 3.4 mm for the Caudate region and

about 6.9 mm for the Visual Cortex region. The corresponding spectrograms over the

2 min duration are also shown. The focal shift, BBB opening volume, and MRI

contrast enhancement of the visual cortex and caudate are quantified in Table 2 .

Region Caudate Visual cortex

Pressure (MPa) 0.30 0.45
Axial focal shift (mm) 3.4 6.9

Volume ( m3} 72.5 112.3

MR Enhancement 52% 63%

Table 2

Accordingly, FUS-induced BBB opening, along with transcranial

cavitation detection, in non-human primates is provided according to an embodiment

of the disclosed subject matter. As discussed above with respect to Table 1,

sonication in four locations were performed in five animals according to the

embodiments discussed herein. Pressures ranging from 0.3 MPa to 0.6 MPa were

utilized. Increased pressure can result in a larger BBB opening extent and higher

BBB permeability, while a "safety window" can be considered to be within the

pressure range of 0.30 MPa and 0.60 MPa. In the exemplary embodiments, Tl-

weighted MRI at 3.0 T was used to confirm the results of the disclosed subject matter,

confirming BBB disruption by tracking the diffusion of IV-injected gadodiamide in



the brain. The cavitation response can be used to estimate the BBB opening volume

and predict the occurrence of BBB opening.

To illustrate the effectiveness and determine further applications of the

disclosed subject matter, the results of BBB opening in primates according to the

disclosed subject matter can be compared to known methods for opening the BBB in

other animals, such as mice. In the embodiments herein, except for the case of

sonication performed at 0.60 MPa, no BBB opening was induced using Defmity

microbubbles and 10-ms pulse length, despite the occurrence of inertial cavitation (as

shown and described with respect to FIGS. 5 and 6). Accordingly, relatively lower

pressures (for example, 0.20 - 0.30 MPa) and shorter pulse length (for example, 0.2

ms) utilized in protocol A can be ineffective to induce BBB opening. However, using

techniques for BBB opening in mice, the BBB was opened at 0.45 MPa and PLs of

0.1, 0.2, 1, 2, and 10 ms, using comparable microbubbles. Thus, relatively higher

pressures (for example, 0.30 0.60 MPa) can be necessary to open the BBB in

monkeys using Definity®.

Further, the medial areas were targeted as shown in FIG. 5, and thus

the focus included the superior sagittal sinus that, due to the relatively large volume

of microbubbles circulating, resulted in larger amplitude of the cavitation spectrum.

Measuring the cavitation spectrum can, therefore, be utilized to determine whether a

large vessel is in the path of the FUS beam, and thus predict or avoid its effects on

inducing BBB opening. The exact location of the focus in the brain can be difficult to

predict, and further, the exact location of large vessels in the brain relative to the

beam is generally not known in advance. Hence, the relationship between the

amplitude of the cavitation spectrum, the area of BBB opening, and the BBB opening

threshold can provide useful additional information regarding the presence of large

vessels close to the focus. This information can thus be used to predict whether

opening of the BBB is obstructed due to the focal spot proximity to a large vessel

resulting in subsequent shielding and/or adjust the targeting accordingly to achieve

BBB opening, i.e., by avoiding shielding by large vessels.

The results according to the disclosed subject matter can also be

utilized to determine the dependence of the BBB opening on the microbubble types.

In protocol B, at 0.30 and 0.45 MPa, BBB opening was only observed with the 4-5

µ η bubbles, as illustrated in FIGS. 7 and 8. At 0 60 MPa, a larger BBB opening area

was obtained with the 4-5 µ ι bubbles, as illustrated in FIGS. 9 and 0. This can be



due, at least in part, to a larger portion of the brain reaching the disruption threshold

when peak pressure increases. The 4-5 µηι bubbles can result in a larger BBB

opening region in mice. Thus, the results disclosed herein are in qualitative

agreement that the bubble size can affect the BBB opening in primates according to

the disclosed subject matter.

The BBB can be opened at 0.3 MPa and inertial cavitation can occur at

0.45 MPa using 1.5-MHz FUS and 4-5 µ η diameter bubbles. In the embodiments

described herein, the BBB was also opened at 0.30, 0.45, and 0.60 MPa with the

presence of inertial cavitation. The mechanical index was 0.25, 0.37, and 0.49 at 1.5

MHz, as well as 0.42, 0.64 and .02 at 500 kHz for 0.3 MPa, 0.45 MPa and 0.6 MPa,

respectively. The M threshold of the broadband response was about 0.451 and the

broadband response was observed in most cases of BBB opening, and thus lower

pressures can be applied and the stable cavitation dose can be quantified to determine

whether the BBB can be opened with stable cavitation, and without mertial cavitation,

using 4-5-µιη diameter bubbles, and thus avoid the potential for damage to the subject

that can be caused by inertial cavitation.

The cavitation response can be utilized to estimate the BBB opening

volume. Statistical analysis of cavitation responses during BBB opening in mice

indicates that the ICDs and BBB opening volume can be both pressure and bubble-

size dependent. Regression analysis shows a linear correlation can occur between the

ICD and the BBB opening volume at various bubble diameters. Thus, by analyzing

the openings performed with the 4-5-µηι bubbles as embodied herein, volume

prediction using the ICD can be performed, for example as illustrated in FIG. 11. In

one embodiment of the disclosed subject matter, BBB opening can be performed and

the corresponding opening volume can be predicted using the PCD system without

the use of MR for monitoring BBB opening during sonication. In this manner, FUS

according to the disclosed subject matter can be applied while further reducing costs

and improving real-time capability in clinical applications.

From the cavitation response, in addition to the CD, the spectrogram

can be used to analyze microbubble behavior in real-time. In FIG. 14a, a spectrogram

of total duration (i.e., 120 seconds or 2 minutes) indicate the duration for

microbubbles to reach the brain after the IV-injection. For example, FIG. 14a shows

a duration of 0 seconds for Definity® microbubbles to reach the brain. Thus, the

spectrogram of total duration can be used, for example in a clinical application, to



identify if a patient has a circulation problem affecting the movement of the

microbubbles. The persistence of the microbubbles can also be identified.

In FIG. 14b, the spectrogram of one pulse (identified with the vertical

line in FIG. 14a), shows a pulse length of 0 ms, and can be utilized to determine the

duration of inertial cavitation. The duration can be microbubble dependent and

correlated to the CD. If insufficient microbubbles are sonicated at each pulse, the

duration of inertia! cavitation can be shorter such that lower ICD and BBB opening

volume are induced.

In FIG. 14c, the first few hundred microseconds of one pulse

(identified with the box in FIG. b), are shown and can indicate the location of the

focus based on the starting point of harmonics and broadband response. This

spectrogram can be utilized to estimate the actual focus, and thus determine the axial

shift between the actual focus and the desired targeting region.

Since the primate brain is generally inhomogeneous, the BBB opening

properties can be distinct among different areas of the brain. As shown for example

in FIG. 7, the intensities of MR contrast enhancement in the BBB opening region at

0.30 MPa was 2.3 times higher than at 0.45 MPa. These differences can be due, at

least in part, to a higher concentration of microbubbles in the sonicated region during

the 0.30 MPa stimulation such than MRI contrast is enhanced and the broadband

response is stronger.

Likewise, the cavitation response can also be region dependent. As

discussed above, the SCD at distinct regions at 0.30 and 0.45 MPa is shown in FIG.

. The relatively higher sensitivity is shown near the center frequency of the PCD

(i.e., at about 7.5 MHz). Four different locations were shown, each having a distinct

cavitation response. For example, as shown in FIG. 1, at 0.30 MPa, the amplitude

level is largest in the putamen and smallest in the visual cortex. Further, comparing

the caudate shown in FIG. and the visual cortex shown in FIG. 3, the visual

cortex is deeper than the caudate such that lower amplitudes are detected in the visual

cortex. A comparison between the caudate and putamen can be made from FIG. 3.

As shown, the putamen is deeper than caudate in the sagittal view, but is roughly the

same depth in the coronal view. Further sonications can be performed in the putamen

to detenriine the region dependent cavitation response. A further comparison

between the visual cortex and hippocampus can be made from FIG. 3 . As shown, the

hippocampus is deeper than visual cortex from the sagittal and coronal view such that



the amplitude detected was lower in the hippocampus. Although the depth of the

targeting regions can affect the PCD amplitude, the region dependent cavitation can

further characterize the BBB opening properties in different locations in primates.

Accordingly, noninvasive and transcranial cavitation detection during

BBB opening in nonhunian primates are provided herein. Further, the MRl contrast

enhancement and cavitation response can be considered to be region and/or

microbubble-size dependent. Inertial cavitation can fail to induce BBB opening, for

example when the focus overlaps with large vessels such as the superior sagittal

sinus, and thus the systems and methods according to the disclosed subject matter can

be utilized to perform a cavitation-guided BBB opening to improve monitoring of the

target of sonication.



CLAIMS

We claim:

. A method for cavitation-guided opening of a targeted region of

tissue within a primate skull, comprising:

delivering one or more microbubbles to proximate the targeted region;

applying an ultrasound beam, using a transducer, through the skull of

the primate to the targeted region to open the tissue;

transcranially acquiring acoustic emissions produced from an

interaction between the one or more microbubbles and the tissue; and

determining a cavitation spectrum from the acquired acoustic

emissions.

2. The method of claim , wherein the method is performed in

vivo.

3. The method of claim 1, further comprising determining the

distance between the skull and the transducer based on the acoustic emissions.

4 . The method of claim , further comprising determining a focal

depth of the transducer based on the acoustic emissions.

5. The method of claim , further comprising determining an

obstruction of the opening of the tissue based on the cavitation spectrum.

6. The method of claim 5, wherein the determining of the

obstruction comprises detecting a vessel between the ultrasound beam and the

targeted region or proximate to the targeted region.

7 The method of claim 5, further comprising adjusting the

targeted region based on the obstruction.

8. The method of claim 6, further comprising adjusting the

targeted region based on the obstruction, wherein the adjusting comprises avoiding

the vessel or shielding by the vessel.

9. The method of claim 1, further comprising determining the

presence of inertial cavitation during opening, and adjusting one or more parameters

to prevent the inertial cavitation.

0. The method of claim 9, wherein the one or more parameters is

selected from the group consisting of a size of the one or more microbubbles and an

acoustic pressure of the ultrasound beam.



. The method of claim 0, wherein the one or more

microbubbles is adjusted to a size within a range of between about 1 to 0 microns.

12 The method of claim 0, wherein the one or more

microbubbles is adjusted to a size within a range of between about 4 to 5 microns

13. The method of claim 0, wherein the acoustic pressure of the

ultrasound beam is adjusted to within a range between about 0.10 to 0.45 MPa at the

targeted region.

14. A system for in vivo, cavitation-guided opening of a targeted

region of tissue within a primate skull, comprising:

an introducer to deliver one or more microbubbles to proximate to the

targeted region;

a transducer, coupled to the targeting assembly, to apply an ultrasound

beam through the skull to the targeted region to open the tissue;

a cavitation detector, adapted for coupling to the skull and for

transcranial acquisition of acoustic emissions produced from an interaction between

the one or more microbubbles and the tissue; and

a processor, coupled to the cavitation detector, configured to determine

a cavitation spectrum from the acquired acoustic emissions.

15. The system of claim 14, wherein the processor is further

configured to determine the distance between the skull and the transducer based on

the acoustic emissions.

16. The system of claim 4, wherein the processor is further

configured to determine a focal depth of the transducer based on the acoustic

emissions.

17. The system of claim 4, wherein the processor is further

configured to determine an obstruction of the opening of the tissue based on the

cavitation spectrum.

. The system of claim 17, wherein the obstruction comprises a

vessel between the ultrasound beam and the targeted region or proximate to the

targeted region.

1 . The system of claim , wherein the processor is further

configured to adjust the targeted region based on the obstruction.



20. The system of claim 18, wherein the processor is further

configured to adjust the targeted region based on the obstruction to avoid the vessel or

shielding by the vessel.

. The system of claim 14, wherein the processor is further

configured to determine the presence of inertial cavitation during opening, and adjust

one or more parameters to prevent the inertial cavitation.

22. The system of claim 2 1, wherein the one or more parameters is

selected from the group consisting of a size of the one or more microbubbles and an

acoustic pressure of the ultrasound beam.

23 . The system of claim 22, wherein the size of the one or more

microbubbles is adjusted to within a range of between about 1 to 10 microns.

24. The system of claim 22, wherein the size of the one or more

microbubbles is adjusted to within a range of between about 4 to 5 microns.

25. The system of claim 22, wherein the acoustic pressure is

adjusted to within a range between about 0. 0 to 0.45 MPa at the targeted region.
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