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(57) Abstract

Image guide methods and apparatus for ultrasound delivery of compounds through the blood brain barrier to selected locations in the
brain, target a selected location in the brain of a patient (14), and apply ultrasound to effect in the tissues and/or fluids, at that location, a
change detectable by imaging. At least a portion of the brain in the vicinity of the selected location is imaged, e.g., via magnetic resonance
imaging to confirm the location of that change. A compound, e.g., a neuro-pharmaceutical in the patient’s bloodstream, is delivered to the
confirmed location by applying ultrasound to effect opening of the blood brain barrier at that location, and thereby to induce uptake of the

compound there.
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WO 98/07367 PCT/US97/14737

METHODS AND APPARATUS FOR IMAGE GUIDED ULTRASOUND DELIVERY OF COM:
POUNDS THROUGH THE BLOOD BRAIN BARRIER

Background of the Invention

(¥ 1)

The invention pertains to medical systems and, more particularly, to
methods and apparatus for delivery of compounds through the blood-brain barrier
to the brain.

10

The blood-brain barrier prevents many compounds in the blood stream from
entering the tissues and fluids of the brain. Nature provides this mechanism to
insure a toxin-free environment for neurologic function. However, it also prevents
delivery to the brain of compounds, such as neuropharmaceuticals, potential

15 neuropharmaceuticals. and other neurologically active agents, that might otherwise

remedy or modify neurologically-related activities and disorders.

Today, non-surgical treatments of neurologic disorders are limited to
systemic introduction of compounds through the blood stream. A drawback of this
20 form of treatment, as suggested above, is the relatively small number of known
compounds that pass through the blood-brain barrier. Even those that do cross the
barrier often produce adverse reactions in other parts of the body or in non-targeted

regions of the brain.

25 Prior art surgical treatments of neurologic disorders are limited to removal
or ablation of brain tissue. While these treatments have proven effective for certain
localized disorders, such as tumors, they involve delicate, time-consuming
procedures that may result in destruction of otherwise healthy tissues. The surgical
treatments are generally not appropriate for disorders in which diseased tissue is

30  integrated into healthy tissues, except in instances where destruction of the latter

will not unduly effect neurologic function.

Patrick, et al, "Ultrasound and the Blood-Brain Barrier,” Consensus on

Hyperthermia for the 1990’s (Plenum, 1990), pp. 369, er seq., suggest that focused

35  ultrasound might be used to introduce chemotherapeutic agents through the barrier.

SUBSTITUTE SHEET (RULE 26)



wh

10

20

25

30

WO 98/07367 PCT/US97/14737

The article is specifically directed to the use of ultrasound to modify the blood- -
brain barrier at targets within feline and canine brains and, thereby. to increase the
barrier's permeability to a circulating dye/albumin complex. Ultrasound targeting,
according to the article. is accomplished by surgically exposing the dura matter and
positioning thereon a transducer/lens complex. Targets are located via stereotactic
coordinates. as determined from directiy-visualized or roentgenographically-
visualized cranial structures. Delivery of ultrasound in the manner disclosed in the
article resulted in histologically irreversible damage. Though the authors suggest
that chemotherapeutic agents. such as monocional antibodies and immunotoxins.
might also be introduced into the brain by ultrasonic modification of the blood-
brain barrier. they state that further research would be necessary to determine
whether permeability can be increased sufficiently for these high molecular weight

compounds.

An object of this invention is to provide improved methods and apparatus
for delivery of compounds to the brain, particularly. through the blood-brain

barrier.

A further object of the invention is to provide such methods and apparatus
as can be employed to deliver such compounds to precise locations within the

brain.

A still further objects of the invention is to provide such methods and

apparatus as can deliver compounds through the blood-brain barrier without

surgery.

Yet another object of the invention is to provide such methods and

apparatus as can deliver a full range of compounds through the blood-brain barrier.

Yet still another object of the invention is to provide cost-effective methods

and apparatus for delivery of compounds through the blood-brain barrier.

SUBSTITUTE SHEET (RULE 26)
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Still further objects of the invention are to provide improved methods and-
apparatus for remedying or modifying neurological and neurologically-related

activities and disorders via delivery of compounds through the blood-brain barrier.

Summary of the Invention

These and other objects are attained by the invention which provides
methods and apparatus for image-guided ultrasound delivery of compounds through

the blood-brain barrier to selected locations in the brain.

A method according to one aspect of the invention includes targeting a
selected location in the brain and applying ultrasound to induce, in the central
nervous system (CNS) ussues and/or fluids at that location, a change detectable by
imaging. At least a portion of the brain in the vicinity of the selected location is
imaged. e.g., via magnetic resonance imaging, to confirm the location of the
change. A compound. e.g., a neuropharmaceutical, in the patient’s bloodstream is
delivered to the confirmed location by applying ultrasound to effect opening of the
blood-brain barrier at that location (or a location based thereon) and. thereby, to

induce uptake of the compound there.

In one aspect of the invention, the change induced in the CNS tissues and/or
fluids by ultrasound is heating or cavitation. The location of that change is
confirmed by characteristic patterns in the image. In another aspect, the change is
the uptake of contrast agents (or other compounds detectable by imaging) induced
at the selected location via ultrasonic "opening” of the blood-brain barrier there.
Again, the location of such change can be confirmed by characteristic patterns
generated during imaging. In the text that follows, the change induced in the CNS
tissues and/or fluids by ultrasound is referred to as "ultrasonically-induced change,"

"imaging-detectable change," and similar such terms).

In a further aspect, the invention provides methods that combine the above-

described targeting and delivery steps in order to introduce a compound through the

-3-
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blood-brain barrier. The invention of this aspect calls for delivering a compound -
from the patient’s bloodstream to a selected location in the brain by applying
ultrasound to that location. Delivery to the selected location is confirmed by
imaging the brain to confirm ultrasonically-induced change there. Particularly,
where the compound is itself can be detected via imaging, confirmation is made by
imaging the brain during or after delivery, and by identifying the compund’s
characteristic pattern at the selected location. Where the compound itself cannot be
detected by imaging, confirmation is made by imaging the brain during delivery,
and by identifying in the image patterns representative of ultrasonically-induced

heating or ultrasonically-induced cavitation at the desired location.

In a further aspect. the invention provides methods as described above in
which ultrasound is applied to the selected location in the patient’s brain by
surgically exposing the dura matter and by applying ultrasound through the exposed

dura matter.

In a preferred aspect. the ultrasound is applied through the skull itself, e.g.,
via a phased array of transducers. a focused ultrasound transducer, or the
combination of an ultrasound source (e.g., transducer) and an acoustic lens, placed
outside the skull. According to this aspect of the invention, there is no need to

perform a craniectomy or other surgical procedure on the patient.

The invention provides, in still further aspects, methods as described above
in which the brain is imaged via magnetic resonance imaging, positron emission
tomography, or computed tomography in order to confirm ultrasonically-induced

change at the selected location in the brain.

According to further aspects of the invention, such change is ultrasonically
induced in the brain at the selected location by cavitation and, particularly, by
applying ultrasound to the selected location of the brain at frequencies ranging from
20 kHz to 5 MHz, and with sonication duration ranging from 100 nanoseconds to 1

minute.

SUBSTITUTE SHEET (RULE 26)
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In a related aspect of the invention. delivery of compounds through the
blood-brain barrier is induced at the selected location by cavitation and,
particularly, by applying ultrasound to the selected location of the brain at
frequencies ranging from 20 kHz to 10 MHz. sonication duration ranging from 100
nanoseconds to 30 minutes. with continuous wave or burst mode operation, where

the burst mode repetition varies from 0.01 Hz to | MHz.

Likewise. according to further aspects of the invention, imaging-detectable
change is uitrasonically induced in the brain at the selected location by heating and,
particularly, by applying ultrasound to the selected location of the brain at
frequencies ranging from 200 kHz to 10 MHz. and with sonication duration ranging

from 100 milliseconds to 30 minutes.

In a related aspect of the invention, delivery of compounds through the
blood-brain barrier is induced at the selected location by heating and, particularly,
by applying ultrasound to the selected location of the brain at frequencies ranging
from 250 kHz to 10 MHz. and with sonication duration ranging from 0.10

microseconds to 30 minutes.

Other aspects of the invention provide methods as described above in which
ultrasound is applied to the selected location in the brain at a focal region sized in
accord with the volume of CNS tissue and/or fluids to which the compound is to be

delivered. That region can range from | mm’ - | cm’.

Still further aspects of the invention provide methods as described above for
image-guided ultrasonic delivery of compounds through the blood-brain barrier,
where the compounds administered into the patient’s bloodstream include, by way
of non-limiting example, any of neuropharmacologic agents, neuroactive peptides
(e.g., hormones, gastrointestinal peptides, angiotensin, sleep peptides, etc.), proteins
(e.g, calcium binding proteins), enzymes (e.g., cholineacetyltransferase, glutamic
acid decarboxylase, etc.), gene therapy agents, neuroprotective or growth factors,

biogenic amines (e.g., dopamine, GABA), trophic factors to brain or spinal

-5-
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transplants. immunoreactive proteins (¢.g. antibodies to neurons. myelin. -
antireceptor antibodies). receptor binding proteins (e.g.. opiate receptors),
radioactive agents (e.g., radioactive isotopes). antibodies, and cytotoxins, among

others.

Related aspects of the invention provide methods for treating neurological
disorders by image-guided ultrasonic delivery of compounds through the blood-
brain barrier in accord with the methods described above. Such disorders include
tumors, cancer, degenerative disorders, sensory and motor abnormalities, seizure,
infection. immunologic disorder. mental disorder, behavioral disorder, and localized

CNS disease. among others.

in still further related aspects. the invention provides methods for
modification of neurologic and neurologically-related activity (e.g., behavioral
activity, memory-related activity, and sexual activity, among others) by such

methods.

The invention provides. in still further aspects. an apparatus for image-

guided ultrasonic delivery of compounds through the blood-brain barrier.

Such an apparatus. according to one aspect of the invention, includes an
ultrasound source and a targeting mechanism for applying ultrasound generated
thereby to a selected location of the brain to effect change a change there that is
detectable by imaging. An imaging element generates a radiologic image of at
least a portion of the brain in the vicinity of the selected location and. thereby,
permits confirmation of that location. The apparatus further includes a delivery
mechanism for applying ultrasound to the confirmed location (or a location based
thereon) to effect opening of the blood-brain barrier at that location and, thus, to

induce delivery there of a compound from the bloodstream.

By way of further example, an apparatus according to further aspects of the

invention utilizes as an ultrasound source, a phased array, a focused ultrasound

-6 -
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transducer, or the combination of an uitrasound source and an acoustic lens,
capable of applying ultrasound to the targeted location through the skull itself,

without need for surgery to expose the brain.

Still other aspects of the invention provide an apparatus as described above

incorporating functionality for effecting the methods described above.

These and other aspects of the invention are evident in the drawings and in

the description that follows.

Brief Description of the Drawings

A more complete understanding of the invention may be attained by

reference to the drawings in which:

Figure 1 depicts an apparatus according to the invention for image-guided

ultrasonic delivery of compounds through the blood-brain barrier;

Figure 2 depicts an alternative configuration for an ultrasound source used

in practice of the invention;

Figure 3 depicts a method according to the invention for image-guided

ultrasonic delivery of compounds through the blood-brain barrier;

Figure 4 depicts an alternative method according to the invention for image-

guided ultrasonic delivery of compounds through the blood-brain barrier;

Figure 5 depicts another alternative method according to the invention for

image-guided ultrasonic delivery of compounds through the blood-brain barrier; and

Figure 6 depicts configurations of ultrasound sources and lenses used in

practice of the invention.
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Detailed Description of the Illustrated Embodiment

Figure 1 depicts an apparatus 10 according to the invention for image-
guided ultrasonic delivery of compounds through the blood-brain barrier. The
apparatus 10 includes an ultrasound source, shown here as a phased array of
transducers 12 disposed about the head 14 of a human patient. The phased array
12 is powered and controlled by ultrasound controller 16, which includes targeting
control element 18 that tunes and drives array 12 to apply ultrasound to a seiected
location in the patient’s brain so as to effect
there a change (e.g., heating. cavitation or uptake of contrast agent) that is
detectable by imaging. The controller 16 also includes delivery control element 20
that tunes and drives array 12 to apply ultrasound to open the blood-brain barrier at
that same location and. thereby. to induce delivery a compound from the patient’s

bloodstream to the brain at that location.

The apparatus 10 further includes a magnetic resonance imaging (MRI)
device, comprising magnetic gradient coil and radiofrequency coil 22 and MRI
controller 24, together capable of generating an image of at least a portion the
patient’s head (and, more particularly, of the patient’s brain) to permit confirmation
of ultrasonically induced change at the selected location. Controller 24 comprises
scanning control functionality 26 for generating an magnetic resonance image 28 of
the patient’s head 14. A headholder (not shown) holds the patient’s head 14 in
place within the MRI tube 22, as shown.

The phased array 12 applies focused ultrasound to selected locations within
the patient’s brain. The array 12 can be constructed in the manner of the aperiodic
ultrasound phased array disclosed in United States Provisional Patent Application
No. 60/006,413, filed November 9, 1995, for APERIODIC ULTRASOUND
PHASED ARRAY, assigned to the assignee hereof, the teachings of which are

incorporated herein by reference.

SUBSTITUTE SHEET (RULE 26)
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Phased array 12 is operated in accord with the teachings herein to deliver -
ultrasound, through the patient’s skull. in doses suitable for inducing non-
destructive imaging-detectable change (e.g.. heating. cavitation or uptake of contrast
agent) and/or non-destructive opening of the blood-brain barrier at selected

locations within the brain.

In alternate embodiments. a focused ultrasound transducer, or the
combination of an ultrasound source and an acoustic lens, is substituted for the
phased array 12 as a means of generating ultrasound and applying it to the brain.
In such alternate embodiments. the focused ultrasound transducer, or source/lens
combination. is mechanically moved in order to target differing locations within the
brain (as opposed to the phased array which is aimed "electronically”). The design

of such transducers and acoustic lens, is well known in the art.

More particularly. under control of targeting control 18, phased array 12
delivers ultrasound to a selected location in the brain to heat or to cause cavitation
in the tissues, fluids and other structures there sufficient to induce imaging-
detectable change at that location, 1.e., change in the CNS tissues and/or fluids that
can be detected in images generated by the illustrated imaging device. That change
may constitute direct heating or cavitation of the tissues and/or fluids or,
alternatively, it may constitute the uptake of contrast agent induced by opening the
blood-brain barrier at the selected location. The direct inducement of imaging-
detectable change is discussed immediately below. Inducement via the uptake of

contrast agent is discussed later, in connection with Figure 4.

In a preferred embodiment of the invention for use with human patients,
direct non-destructive heat-based imaging-detectable change is induced at the
selected location in the brain applying ultrasound to the selected location of the
brain at frequencies ranging from 200 kHz to 10 MHz. and with sonication

duration ranging from 100 milliseconds to 30 minutes.
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Likewise. direct non-destructive cavitation-based imaging-detectable change-
is induced at the selected location in the brain applying ultrasound to the selected
location of the brain at frequencies ranging from 20 kHz to 5 MHz, and with
sonication duration ranging from 100 nanoseconds to 1 minute. In contrast to
imaging-detectable changes induced by heating, those induced by cavitation occur

at higher peak intensity levels within this range.

Likewise, under control of delivery control 18. phased array 12 delivers
ultrasound to the seiected location in the brain (or a location based thereon) to heat
or to cause cavitation sufficient to open the blood-brain barrier, thereby, effecting
uptake of neuropharmaceuticals, potential neuropharmaceuticals or other

compounds in the biood into that location of the brain.

In a preferred embodiment of the invention for use with human patients,
non-destructive heat-based opening of the blood-brain barrier is induced at the
selected location in the brain applying ultrasound to the selected location of the
brain at frequencies ranging from 250 kHz to 10 MHz, and with sonication

duration ranging from 0.10 microseconds to 30 minutes.

Likewise, non-destructive cavitation-based opening of the blood-brain
barrier is induced at the selected location in the brain applying ultrasound to the
selected location of the brain at frequencies ranging from 20 kHz to 10 MHz,
sonication duration ranging from 100 nanoseconds to 30 minutes, with continuous
wave or burst mode operation, where the burst mode repetition varies from 0.01 Hz

to 1 MHz.

A further appreciation of the ultrasound dosing levels for opening the blood-
brain barrier may be attained by reference to the article supplied in the Appendix [
hereof and, particularly, to teachings therein with respect to the effect of differing
ultrasound puise intensities on blood-brain barrier permeability. That article, and

those teachings in particular, are incorporated herein by reference.

- 10 -

SUBSTITUTE SHEET (RULE 26)



W

10

15

20

30

WO 98/07367 PCT/US97/14737

The magnetic resonance imaging device, including MRI device 22 and MRI
controller 24, comprises a conventional, commercially available MRI device. The
device is operated in the conventional manner known in the art in order to generate
images 28 of the patient’s head (and, particularly, of the brain) in accord with the

teachings herein.

It will be appreciated that any device permitting determination of the
location of change in the CNS tissues and/or fluids effected by the phased array 12
(e.g., under control of targeting control 18) in the patient’s brain may be
substituted for the magnetic resonance imaging device. Preferably, however, the
substituted device is itself a radiologic imaging device, such as, by way of non-
limiting example. a computed tomography (CT) imaging device, positron emission
tomography (PET) imaging device. In further embodiments of the invention. other
medical imaging devices capable of detecting, distinguishing and/or locating tissues,
fluids. masses. structures. substances, conditions, and other features (naturally
occurring or otherwise) within the human body and, particularly, within the head
and brain, are used in place of MRI, CT or PET imaging devices. These other
medical imaging devices include, by way of non-limiting example. ultrasound
imaging devices, X-ray imaging devices, and gamma camera imaging devices,

among others.

To this end. as used herein the terms "image," "radiologic 1mage," and the
like, refer to results (whether or not human readable) generated by MRI, CT or
PET imaging devices, or by such other imaging devices for use in detecting,
distinguishing and/or locating tissues, fluids, masses, structures, substances,
conditions, and other features (naturally occurring or otherwise) within the human
body and, particularly, within the head and brain. Likewise, the terms
"radiologically imaging,"” "imaging" and the like refer to the act of obtaining such

results.

Figure 2 depicts an alternative configuration for an ultrasound source used

in practice of the invention. The source comprises an ultrasound transducer 30 in

- 11 -
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combination with a lens 30. As above. this arrangement permits focused doses of-
ultrasound to be applied to target’s within the patient’s 14 brain for inducing non-
destructive imaging-detectable changes and/or non-destructive opening of the blood-
brain barrier at selected locations within the brain. The illustrated source is applied
directly to the dura matter. following surgical removal of corresponding portions of
the scalp and skull (as illustrated by hole 34). As above, the source is powered and

controlled by an ultrasound controller 16. not illustrated.

In a preferred embodiment. an ultrasound source is used to deliver
ultrasound doses through the skull, obviating the need for surgery. The source is
fabricated from piezoelectric material that converts an electrical signal applied on
the electrode surfaces of the material to mechanical motion of the applicator. The
piezoelectric material has a backing of low (for example air) or high acoustic
impedance to maximize energy output through the front surface of the applicator.
The electrical signal for each transducer element is provided by a signal generator
and amplified by a radio frequency (RF) amplifier. The ultrasound energy can be
focused by making the piezoelectric element curved or inserting a lens in front of
the applicator. In these cases a minimum of one transducer is required. By using

multiple transducers enhanced focusing effect may be produced.

In the case of a phased array a number of piezoelectric elements are
operating together with each of them having their own RF amplifier. The electrical
signals for each element are provided by a phase shifter that introduces a proper
phase shift between the driving signals so that the ultrasound waves launched by
each element form a common focus at a desired locations. This phase shift is
modified such that the effect of skull bone and other intervening tissues between
the element and the target point is compensated for so that all of the waves come
to a common focus regardless of their propagation medium. The effect of the skull
and other tissues are calculated based on image information (for example CT or
MRI) on its properties. Thus, the phased arrays allow elimination of phase shifts
introduced by skull bone that destroys an ultrasound beam focus of a focused beam

at frequencies above about 1 MHz. In addition, the phased arrays can eliminate a

12 -
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movement in the focal location caused by the skull during a lower frequency -

sonication.

A further appreciation of the construction and operation of a system
according to the invention may be attained by reference to Appendix II, filed

herewith.

Figure 3 depicts a method of operating the apparatus 10 of Figure 1 in order
to effect image-guided ultrasonic delivery of compounds through the blood-brain
barrier. In step 40. the ultrasound source is aimed to target the selected location
within the patient’s brain. Particularly. in sub-step 40a, the ultrasound source is
aimed at the selected location. In sub-step 40b, the ultrasound source is activated
to apply a dose sufficient to directly effect imaging-detectable change in the CNS

tissues and/or fluids at the selected location as described above.

In sub-step 40c. at least a portion of the brain in the vicinity of the selected
location is imaged, e.g.. via the imaging device shown in Figure 1. to confirm the
location of the imaging-detectable change. Confirmation is made, via a human or
an automated image reader, via identification of patterns characteristic of
ultrasonically-induced heating or cavitation at expected locations in the image. In
instances where the patterns do not appear at the expected location, sub-steps 40a -

40c are repeated with revised aiming of the ultrasound source.

In instances where the ultrasound applied in step 40b effects temporary
changes in CNS function (e.g., a taste sensation, a tingling sensation, an
involuntary muscle motion or cessation thereof, etc.), detection of those functional

changes can also be used to confirm the selected location targeted in sub-step 40a.

Once aiming of the ultrasound source has been confirmed in step 40, the
compound intended for delivery through the blood-brain barrier is administered into

the patient’s bloodstream, e.g., via injection, ingestion, inhalation, or other such

- 13 -
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method. In the case of injection, the compound can be administered in the vicinity-

of the brain, e.g., via injection into the carotid artery.

These compounds can include, by way of non-limiting example.,
neuropharmacologic agents. neuroactive peptides (e.g., hormones, gastrointestinal
peptides. angiotensin. sleep peptides. etc.), proteins (e.g, calcium binding proteins),
enzymes (e.g., cholineacetyltransferase, glutamic acid decarboxylase. etc.), gene
therapy. neuroprotective or growth factors. biogenic amines (e.g., dopamine,
GABA), trophic factors to brain or spinal transplants. immunoreactive proteins (e.g,
antibodies to neurons. myelin. antireceptor antibodies). receptor binding proteins
(c.g.. opiate receptors). radioactive agents (e.g., radioactive isotopes). antibodies,

and cytotoxins, among others.

In addition. compounds to be administered into the bloodstream in step 40
can inciude high molecular weight complexes formed by combining relatively inert
substances, such as EDTA. with neuropharmaceuticals or other substances currently
known to pass through the blood-brain barrier. Due to their sizes and/or molecular
configurations. such complexes are prevented from crossing the barrier. except at
selected locations in the brain opened via ultrasound as described herein. Use of
such complexes in connection with the invention, therefore, permits localized
application of compounds that might otherwise produce unwanted effects in other

parts of the brain or body.

In step 42, the compound(s) are delivered from the blood stream to the
selected (and confirmed) location in the patient’s brain by application of an
ultrasound that effects opening of the blood-brain barrier at that location and,
thereby, to induces uptake of the compound there. Ultrasound doses necessary to

achieve this are discussed above.

It will be appreciated that administration of the compound in step 42 need
not necessarily precede application of the uitrasound in step 44. Because the

ultrasonically-opened biood-brain barrier typically permits uptake of administered

- 14 -
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compounds for at least a short period of time. the compound 42 can be introduced

into the blood stream after the barrier-opening ultrasound dose is applied.

As an alternative to applying ultrasound and delivering compounds to the
confirmed location. an embodiment of the invention calls for taking at least one of
these actions with respect to a location based on the confirmed location. Thus, for
example, neurophysiological properties or constraints may necessitate delivering the
compound (and. therefore. applying the barrier-opening ultrasound) to a location

different from -- but based on -- that location targeted in step 40.

Figure 4 depicts an alternative method of operating the apparatus 10 of
Figure 1 to effect image-guided ultrasonic delivery of compounds through the
blood-brain barrier. In step 50. the ultrasound source is aimed to target the
selected location within the patient’s brain. Particularly, in sub-step 50a, a contrast
agent is introduced into the patient’s bloodstream, e.g., via injection. ingestion,
inhalation, or other such method. In sub-step 50b. the ultrasound source is aimed
to dose a selected location in the brain. In sub-step 50c. the ultrasound source is
activated to apply a dose sufficient to open the blood-brain barrier at the selected

location and, thereby, induce uptake of the contrast agent there.

As above. it will be appreciated that administration of the compound in sub-
step 50a need not necessarily precede application of the ultrasound in sub-step 50c

due to the period during which the blood-brain barrier typically remains open.

In sub-step 50d. at least a portion of the brain in the vicinity of the selected
location is imaged, e.g., via the imaging device shown in Figure 1, to confirm the
location of the imaging-detectable change -- to wit, the uptake of a contrast agent
at the selected location. Confirmation is made, via a human or an automated image
reader, via identification of patterns characteristic of the contrast agent at expected
locations in the image. In instances where the patterns do not appear at the

expected location, sub-steps 50a - 50d with revised aiming of the ultrasound source.
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As above. In nstances where the compound induced for uptake in sub-step-
50c effects temporary changes in CNS function (e.g., a taste sensation. a tingling
sensation, an involuntary muscle motion or cessation thereof, etc.). this can also be
used to confirm the selected location targeted in sub-step 40a. To this end. the
compound introduced in step 50a can be selected so as to induce such temporary

changes in CNS function.

Once aiming of the ultrasound source has been confirmed, step 52 of the
method calls for administration into the patient’s bloodstream of the compound
intended for delivery. This proceeds in the manner of step 42, described above.
Further, in step 54, those compound(s) are delivered from the blood stream to the
selected (and confirmed) location in the patient’s brain. This proceeds in the

manner of step 44. described above.

As above, an alternative to applying ultrasound and delivering compounds
to the confirmed location, an embodiment of the invention calls for taking at least
one of these actions with respect to a location based on the confirmed location.
Thus, for example, neurophysiological properties or constraints may necessitate
delivering the compound (and. therefore, applying the barrier-opening ultrasound)

to a location different from -- but based on -- that location targeted in step 50.

Figure 5 depicts another alternative method of operating the apparatus 10 of
Figure 1 to effect image-guided ultrasonic delivery of compounds through the
blood-brain barrier. In step 60, the compound intended for delivery through the
blood-brain barrier is administered into the patient’s bloodstream. Optionally, a
contrast agent is also be administered to the bloodstream at this time. As above,
these compounds can be administered via injection, ingestion, inhalation, or other

such methods.

In step 62, the ultrasound source is aimed to dose a selected location in the
brain. In step 64, the ultrasound source is activated to apply a dose sufficient to

open the blood-brain barrier at the selected location and, thereby, induce uptake of

- 16 -
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the compound and optional contrast agent there. As above. it will be appreciated .
that administration of the compound in step 60 need not necessarily precede
application of the ultrasound in step 64 due to the period during which the blood-

brain barrier typically remains open.

In step 66. at least a portion of the brain in the vicinity of the selected
location 1s imaged. e.g.. via the imaging device shown in Figure 1, to confirm the
location of the ultrasound dosing. If no contrast agent was administered in step 60,
confirmation is made by identifying patterns characteristic of ultrasonically-induced
cavitation or heating in the image. In these instances. step 66 is preferably
performed concurrently with step 64. If a contrast agent was administered in step
60. confirmation 1s made by identification of patterns characteristic of the contrast
agent at expected locations in the image. In these instances, step 66 is preferably

performed subsequent to step 64.

In instances where the compound induced for uptake in sub-step 64 effects
temporary changes in CNS function (e.g.. a taste sensation, a tingling sensation, an
involuntary muscie motion or cessation thereof, etc.), this can also be used to

confirm the selected location targeted in step 62.

The methods and apparatus described in the embodiments above can be
employed for treating neurological disorders by image-guided ultrasonic deliver of
compounds through the blood-brain barrier. Such disorders include tumors, cancer,
degenerative disorders, sensory and motor abnormalities, seizure, infection,
immunologic disorder, mental disorder, behavioral disorder, and localized CNS
disease, among others. For example, as an alternative to conventional functional
neurosurgery, the foregoing apparatus and methods can be used to introduce
selective cytotoxins into selected locations of the brain to destroy all or selected
cell types there. Likewise, these apparatus and methods can be employed to
introduce immunologic agents at those selected locations. Still further, they can be

employed in neural pathway tracing studies using retrograde or anteretrograde

- 17 -
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axonal transport, or in neurophysiological testing using locahized delivery of

activation or inhibition.

In still further related aspects, the invention provides methods for
modification of neurologic and neurologically-related activity (e.g., behavioral
activity, memory-related activity, and sexual activity, among others) by such

methods.

Described above are methods and apparatus for image-guided ultrasound
delivery of compounds through the blood-brain barrier meeting the above-cited goals.
It will be appreciated that the embodiments described herein are illustrative and that

other embodiment, incorporating modifications, fall within the scope of the invention.

For example, a vanety of ultrasound sources may be used to practice the
invention. Such sources are shown, by way of non-limiting example, in Figures 6A -
6F. Thus, Figures 6A - 6B illustrate the use of a single linear and curvilinear phased
array as ultrasound sources. Likewise, Figures 6C - 6D illustrate the use of a multiple
linear and curvilinear phased arrays as ultrasound sources. Figure 6E illustrates the
use of a large lens to focus an ultrasound beam generated by a source (not shown).
Figure 6F illustrates the use of a smaller lens to focus such a beam. Finally, figure
6G illustrates the use of a partially spherical phased array as an ultrasound source. As

above, the beams generated by these sources may pass through the skull or through

the exposed dura matter.

- 18 -
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Patent Application for

METHODS AND APPARATUS FOR IMAGE-GUIDED ULTRASOUND
DELIVERY OF COMPOUNDS THROUGH THE BLOOD-BRAIN BARRIER

APPENDIX 1
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HISTOLOGIC EFFECTS OF HIGB INTENSITY PULSED
ULTRASOUND EXPOSURE WITH SUBHARMONIC EMISSION IN
RABBIT BRAIN [N VIVO

N. . VyxnooTseva.' K Hynvnen? and C. Damaanou®
*Brain Renesrct lnsamne, Rosusn Academy of Medical Sciasces. Mascow, Rusnz. and
;mamwmommdn?mw.umdmw&mcm.
ucson. AZ, USA

(Racerved 3| Anguzr 1994 o fmel form & Marck 1995)

Abstraci—ia this study, the tarvsheld for subbarmonic emimion daring & sow muication of rabbit brain
was imvestigated. {n additiog, the histologic effects of puised soaicatien above this thresbeid were studind.
Two spherically carved (ocwsui witrasound (rassdwerrs with 2 dinssecer of 35 @ snd 2 radins of corvatare
of 76 man were nand in the soaications. The operatimg of the tranmimoss were €936 amdd 1. 72
MHa The sowication dersties was varied berween 6091 sad | s and the repatitins trequency betwees 4.1
and 5 Bz The thresheld sshbormonic cmission » the frequency of 0.936 ME: was fomnd ts be
approxtmetcly 2000 W cm ™ smd 3600 W cm ™ for paise durstiens of 1 s and 0.091 3. respectively. The
threshold was sppraxioaty LS-{okd &2 high at s frequueney of 1.72 MBz. However, there was coosiderable

ouitiple puise cxperisscuts at a freguescy of 1.72 MBz and
an intcamiry of 7000 W cn ' showed that the himtelogic eflects raaged from 2o sbwervabic damage of the

resiting in the death of he anbmal. The severity of the thsne damage increased as the puis

bemocrrhage
durmtion, oamber of paises and their repetition

incressed. The resuits indicate that the cad point

auu.-m—yumwmmmms-ﬁm”e_
effects can have several differsnt appticatioss whes brais diswvers sre trested.

Key Wards: Uttrssound. Bioeflects, Caviaation. Minbmafly irvasive sargery.

INTRODUCTION

Image-guided focused uitrasound surgery has shown
promise 1n pORINVESIYe deSIrUcHon of decp Larpet vol-
umes (Cline et al 1994: Foster e al. 1993: ter Haar
et al. 1991: Hynynen 1992, 1993: Sangnwi 1991: Vai-
lancien 1992; Yang et al. 1991, 1992. 1993). This bas
ipcrexsed the interest m the study of the brolopcal
effects of uirasound & hugh power ievels.

When ultrasound mieracts wih tssoe. the effects
can be classified as those reiated W the absorpuon of
acoustic energy resuiting i temperature mcyease and
those related 0 the mechanics of wave propagaoon,
pamarily cavitanoo. The thermal effecis have bern
exwonivety srudied sod @t fagly well understood
(Carstensen et al. 1974; Lebe and Prerce 1972: Pood
1970: Robinson and Leke 1972). However. cavianon

Address w@: Kalervo Hywywea, PR D.. Depan-
ment of Radology, Drvimas of ML, Boghem aad Wamen s Homs.
al Mavard Madcal Schoot, 73 Frascs Streex. Boson. MA @215,
USA.

in biving ossues bas pot beca mvesugated adequately
and there 13 3 need for addiboaal informanon.

Cavitanos can be defined as the formanon. grow
and acuvity of a bubbic or popuisnon of babbles stumw-
lazed mto mooon by m acouste feld Cavitanoo
fluds bas been stxbed cxicomvely and reviewed m
many aracies (e.g., Apfel 1981a; Frynn 1964 Neppiras
1980). It is known that, a3 an ulrasound bexm passes
trough a liqiad. it can cmne macrobubbles o grow
these gas babbles puisaic m response 0 the ultrasound
they act on the sunTounding mextia by unique forms of
strexses. vibranon of the cell boundanies and aggregs-
ton of particles. The coliape of a bubblc can geoerac
high local pressgre and wmperanmres (Apfel 19810,
1982, 1986; Flyun, 1982).

Seve_nl mvestigames have tlized various ap-
proaches in their stadies o virro 0 cells and organisms
10 suspension. and in vive oo plants. flies and small
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rodents to determine “he 4. bod” for bubble-asso-
cwadptnnowaum_mnulnmc frequen-
cnsmmemerugmmge.myobmada
pumber of biologcal effects. for nsaance. leakage of
hemoglobin from red cells caused by sheanag soesses
cxerted by the streamung and concengated 1n a thn
boundary layer necar e pubbie { Rooaey 19721, human
piatelet aggregauon { Bament 1979: Miller et al 19791
and release of ATP and other substances from platelets.

and leukocytes ( Wilkiams and Miller
l9w).Mmmmmbwrcpunmbwrymdmp-‘
e of vacuolar membranes resuited in exposure of
cytoplasmic maserial © the vacuole, and deletenous
cﬁecuwcdbwmaborepmwd(ﬁer:boymdNy-
borg 1973: Taytor and Pood 1972). Migration of celis
mmmmmm&wm;mm
MWMMWWNMM@-
my(lmt)mmmymmmumm
mo(cuwmwmddﬁck
embrycs (Dysoo et al. 1974, 19%2). So far it bas oo
been poasible 10 determine whether sumular effects are
gwmdmumgmmsmummundby
ulrasound.

OumtcrHaraalemsdmsuned
mfmdgmnaﬁdﬁhgmpighg
d:mngOﬁj—m-lzulumuadmﬁmuG&)mW
cm"b-vmum.dﬁsmﬂydidnamh:deny
histologic resubts-

amiihr’:k(l”})muﬁmummemz
cavintou effects on mammalian CSSIES in wo. They
mmwmhmwmm
nwmaaawydlkﬂiz
Oltofdzsiumxcouldnmmmﬁxﬁomf&
mmmummmmem
anumhao(smdis‘xnveuipmmcmchanhalef-
remorummdnummwmmw
(lﬂ).pmh:’l;bﬂlhsimmmu:mmmfo-
mmmn.won.omw
M&ﬁm(MWm"am)mm
apn-ue-dmnl&msm-mmpm
byaﬁmeﬁminmfamofdismwvevu’ds'm
um.mmswwmmme.

pakinmyo(mvlan"nmmof
mhﬂmlﬁﬂdlﬂmm(lm.lm)
mr«wmuawdum
ndpakfcalmdloso-MWm" to
mmuam&wmm
wmuof@mum
sm.mmumvammmof
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Vommpe 21, Naxmtxy 7. 1993

\nRances at a foa . Pmmgnﬁlndm
all instances a1 wteastoes of 1840 and 2 m'—
Mwmmm;:axsﬂg A
mogic apd wideband sowe emussion hal correlated
with hustologic observauocas of mechancal assuc dam-
age.

Using a defocused uigasound beam at an inteasiy
of 4000 W cra’’. 2 puise width of 0.3 s and 2 puise
penodofl.Os.Balhnuneeui,(l%O)foundthume
blood - brain barner could be modified without damag-
mgthesumundmgpnmcnmm:ﬁecuonm:
bloud—bninbuhawere:bownbybuvﬂysutwd
pua:hymawimviuldycwinnmevideoc:ofdim
lesions. Barnard e al. (19%6) and Fry et al (1957)
muicmmwwmmmpme-
struction of the nervous tissoe clemears withoat dam-
agemmcmmuyminthnm!nmﬂl
jesions (popcavitanon ), even though all pareachymal
clements were destroyed. capillary vesscls might re-
man intact

Previous brain snxdies have shown that different
qpso(nsucdmagemmmmmgﬁpow
mmﬂexmmaﬁmmum
These include mechanical fragmentstion of the tssue.
bemorrhage 2s a resali of blood vesiel damage as well
ak::lmdkbk:ﬂ—mm.?le
hypmmmm:ﬁmmhﬁnmmhe
w&mcumbymuoﬂhgcrem
be selectively used for therapeunc purposes. This is of
of cells, for exampie. could be used during trackless
ulu:nndsuga‘yohb:hin.SimMy.mclH
lcaldamagemm:wcdp:mbﬂi\yoﬂheblood-
beain bastier withowt anawomical evidence of vascular
dzmgcmldhavenp.xﬁc:mpou:ndﬂmakﬁum-
motberapeutic agents 1o reach cancer ceils.

MATERIALS AND METHODS

Equipmeru
nguu:ﬁamhhculmmdﬁeldxsp&iﬂuy
curved p» i tamsducers with resonant fre-
qmo(O.Maadl.n.\mz.dem
and curvamre radii of 70 mm were used. High fre-
qmmmmmﬁnhm
ducers wath maximum power output of |S00 and 250
W a 0.936 and 1.72 MHz. respectively (Andreev
Acoustic Instinne. Moscow ). Pulse duration and puise
repetition frequency coaid be vared from 0.000% w
1.0 s and froem 0.1 to 5.0 Hz, respecuvely. The acoustic
output of the transchxcer was controlled by aliering the
volage output of the generator. The ranscucer tested
was mounted oa the X-Y-Z positicner of a stereo-
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o Tmound ccposere b

mkmnndcaddbepmmouedm!yw
withyn 0.01 cm in each of the three mutually perpendic-
ular recubncar plapes.

Ultrasound calibration

The total acousuc power as a function of the ap-
plied clectncal power was measured using a radauon
force wechmque wath 3 laboratory balance. The acousuc
power curput was measured throughout the whole
nngeofpommedintbecxpenmu.muhuvc
mu&mwmummewvdm
mwmgahmmm.fwc-
mmummmmt@pmam
focusing tmmducer { Daitrev 1987 Gavrilov @ al.
lm).minmtyum:fmmobuimdbyin-
mmmeme
exp:imlhampmﬁbpvepnkinmty values
accurste w within 10%. The peak spaval imtensiry a
the focts in the rabbit’s bramm was calculated from the
equanon: /(tssue) = {(waicr) e ", where a s e
aneguation coefBicicnt (= 0.024 f'* ca™') (Gass et
&lm).jhuummdﬁwy(kﬂlz)anh
i:dzfc::ldqlh(cm)mmeumz.meﬂmof
poulincar propaganon were pot taken mito account m
mmmmmmmof
the ulgazsound beam may reduce the actual inteasity
21 the focus using these high power levels.

Monitoring of cavuanon

Acoustic eTmission from the Teated arca was moo-
jtored with an in-bouse —~ manuiactured wideband ulore-
sound receiver (cylindrical prczoceramic hydropbooe,
llmhkﬂg&.vﬂhexmandmmﬂm
of 1.2 2nd 0.8 mm. respecvely) (Gavrilov and Tsirul-
nikov 1980 Romaneako 1965). The output of the re-
mmmdq;hyenmnacﬂimpexmm
through 3 narrowband filter centered at the balf-har-
monic cmission froquency. A bandwidth of 10 kHz
was used in the dme-doman studies. The oscilloscope
display was recorded oo film.

The balf-hermonic sound emisyion was used 83
indicative of the occurrence of cavianon (Coakley
1971: Eller and Flynn 1969 Hynypen 1991: Lele 1987

Neppiras 1965).
Animal experimenss

Experimevual ser-up. Al experiments reported in
this amcle were performed in adult rabbit brains in
muwf«mﬂm-mmmu
animals were ansesthetized with nembotal (40 mg/kg
body weight), shaved and positiooed in the Stereotaxic
appararus. The animal was lywng o0 3 tcnperanurc-

=22 -
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conzolled blanket © mamaun body n:;u._-;,&
Seachable potnter was fixed to the Transducer bolder.
The length of the pointer was equal to the radive of
curvansre of the prezocerimac sphencal raoadmcer. By
means of the pownter the focal regioa of the acousuc
bearn was incated with respect to the dura. wiuch had
been previously exposed by removing a 4 cm’ prect
of the skull. Aher removing the poiwnter, the gansducer
was reposiooed 30 the center of e focal repoo of
the beamn was |1 mm below the surface of the dura
The trasaducer bad 3 truncased cone with ga openmg
ckmed by a potyetiylene membeanc. The memboane
performed a double funcbon of retxining degassed de-
onized water within the cone and making costact with
mto a coupting pan agached from its lower tim 0 the
scalp of the soimal Figure | shows the somcation
sysem. Each animnal was irradtisecd at several locstions
{ four o 513 i cach bemivphere ) spaced by 3 mm and
from 2 1o 6 mm from the midline.

Experimou . The intensity tweshold for cavin-
nop was suxdied in brains of 24 adult rabbiss (12 som-
cated at 3 froquency of 0.936 MHz aad 12 x frequency
of 1.72 MHz). Measwremenss of scoustic conssions 8
at different imensities for pulse duratioss betwecn
0.001 and 1.0 3. The intensity of the ultrasownd puise
for each single pulse duraton was ircreased progres-
sively in comsecamtive sonscanons winch were scperased
Dy an interval of at leant 30 1. The acouxremce of the
Jowest amplitade subharmonc cxniswon in 10 consec-
ave pulses was defined 23 the threshold for cavitation.
This experunent was repeated in 10 different sies o &
Jeast three ammals for each inkensity and pulse daration
wvesugaled.

Expervmens 2. To suxdy the effects of csvitatoo

Fig. |. Block disgrass of the exporimestal sctp: | —ulow-
soud geporor, J-—Uaaducer. 3—feCeiver, 4—RmTow.
band ampitficr. S—oscillascope.
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Table |. The numbder of sungie pulse and ov-tupalse
soncaoons gone with different puise durstons.

Aumber of expomes

Pulse duration (3} Simgie puise Mulopuian

00! 0 hi 3
00s 0 3
ot 10 L]
Qs ] 3

oa hustologic changes tn brain nssue. 63 adult rabbits
were irradiated with shoet pulse duranoas of 0.01, 0.05
and 0.1 s at a frequency of 1.72 MHz and peak focal
miensity in tissue of 7000 W cm™’. This is higher
then the cavitation threshold but jower than the lesion
threshold dosage icvel for these smgie pulse duracons.
In each anmnal. two (26 rabbus ) or four (37 rabbits)
singie and multipulse exposures were placed in thala-
mus opucus (nuciear gray matier ) and capsula mema
( white marer). A sterectaxc atlas of the rabbit's bran
{Fifkova and Marsala 1969) and 2 rectilmeny stereo-

ic apparanss were used for selectioe and location of
Iradiagion targets. The pubse repetion frequency was
besween 0.1 sad 5.0 Hz and | 10 35 pubses were grven.
Pulse duration exposures (suprauwreshold lewion dos-
age lcvel) of 05 s were made in brains of 12 anmmals
{see Table | for number of exposures for each puise
duranon ).

Anbmal preparanon afier the sorucanons. The Ba-
X2y et al. (1956) wchmicue was followed uwnpg Typsn
blue. A dose of 0.1 g/kg of body weigit was prepared
nmedizely before mpecucn in 0.45% NaCl amountng
© abowt 10 mi of solution. boiled and Ghered. inerave-
nous injecoon of the soluton was made orenediasely afier
cally produced breakdown of the biood—bram barmier.
Tous, it facilitmed the deorificanon of the lesions
coming the state of the biood—bram bamer wahin the
aradimed arcs.

Wheg the animals were killed onder nembuzal an-
esthenia 4 h 10 7 days after the soacanoc. the anenal
system of the rabbit was perfused with 90 10 200 mL
of isotonic saline through the aorta. Afier saime perfu-
sion. the brain was aiso perfused with neural 10%
formalin, immediately removed and stored m fixative
solution ( 0% buffered formalm).

All animal experiments were carmied out i accor-
dance with instimnonal guidelines.

Hiszologic preparation

Brains were frozen and serially sectiooed at 0.02-

mam intervals in a frontal plane. The dimensions of the

PCT/US97/14737

Vorume 1|, Numbc 93 PCTI'US C 7 ./

lesions were determuned directdy 1n senal

intervals of 0.! mm by meangement of the exwat
discrete. mezase Uypan blue saining 24 b after eutha-
nasia. not allowwng for removal of trypan blue and
shnnkage due to fixauon. There was evidence of an
agditonal zone of edema surrounding the large lesions
and showing fant biue coioraton. Bakay et al. (1956
found that the effect was revermble and subsided with
the regrestioa of tbe exierna. Thus, the dimbensions of
the lesions were measured without the extent of the
edewma.

For histologic examnancn the brains of the 14
rabbits ( 12 a1 24 b after cuthanasis and 2 after 7 days)
were saained with cresyl violet, or according to the
metbods of Masson for gias and collagen fibrils, Spiel-
meyer for myelia sheaths and Bielschowsky for axons.

RESULTS

The thresholds for the casct of subbarmonic emis-
sion from the rabbit’s brain somcamd in vivo at fre-
quencics of 0.936 and 1.72 MHz are presested in Fig.
2. No acoustic cmission & half-harmonic frequency
was observed bciow a cermin threshold iotensity
(which was dependent ca the pulse durason a3 well
2 on the frequency of oltrasound). It occurred oaly
sporadically at acar-threshold micusity levels and xp-
peared to be essentially depeadent 0o the presence of
cavitatiog sucier or “‘weak spots’’ in the sonication
area. The threshold for subbarmonic emission at the
frequency of 0.936 MHz was found w0 be approxi-

Intenslty {W/om'2)

o 0 wd 0! x? !
Pulse Ourstion (s)

Fig. 2. The relatioaship berwern single pubse duraticn

pkmﬂqﬁhnhmdmmu:

sion from rabbit braing ix vivo at the somcatian freqeescy

of 0.936 MHz 3nd 1.72 MHz. The borizoaeal lines sre fied
© tee duia UNAg A jemst-aquares method.
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Tabie 2. Effect of puise repenoct frequeacy and ownber of puises oo luRoloEx changes in uradisted area.
Pulse reprooon froouescy (M)

! Armomed expoOswe veb T asasos O N L 3

[ A 03 10 50

Nurmnber of pules
N =1, Lea. 213
\ -. D827 C=- em. U)
P -.. DB. ¥4 Hem. 373 Les 27
3 Lo w4 Les 177
] Mem. V3
10 D8, V3 Hem (73, Lex 23 Lew, &3
12 %
tS (=), Hem. W4 Len, &3 L 33

Lea 33 La V3

n
Misms =) odicaacs sbacace of Mmolog changes. DB —diffwe blamng. Hem—barcsoraag, ov—oc) mor. The
m-n.:(ummmwdmm-dhﬂmdwu- 172 MHL. { = XXD

)
!
!

threshold vaiues vaned mare a3 3 function of locaton
and from animal 1 anmmal. The dweshold was approxi-
mazely 1.5 times as high at the freqoency of 1.72 MHz.

The dxeshold for half-hermonic emistion was somm
x 2 low amplinxie spike or 2 bart of spikes occmTing
caly during somcanca, but randomiy with respect © i
beginning and ead. I the sonicathon inscnsity excemded
a treshold vaiue then strong. emwnic emission, wich a
nse and fall in amplitade. was cbeerved.

macly 2000 W an”? and 3600 W cm ~* for pulse dura-
tons of 1 s and 0.001 8. respecnvely. The thresboid
increased with decreasning puise duranon: bowe: er. the

Histologic effects of pulsed sonicarion

Ultasound puises with inteanities excoeding
threshoid for the cnset of subharmonic emission were
delivered 10 the rabbit brains. No hisiologic changes
were detecied at sites sonicated with single poise duar-
oous of 0.01. 0.05 and 0.1 5. However, afier repeating
the sonicaoons, different types of histologic changes
were observed. [n geoeral. the sevenity of the dammge
was dependent on the pulse length. number of palses

Pulse duranion of 0.0] 1 Using muitipie ulrasome
palses 6 of 28 sies trracised (pulse repetition fre-
quency of 0.1. 0.5 and 1.0 Hz. 3 to 30 paises ) showed
a diffuse blue stammyg with oypan bhoe or bright biue
spou (3 1o 5) dispersed throughout the trradiated srea.
Diffuse inhitwtion of the tissue consisted of s very
light bive discoloration for the enere tissoe, withom
sciective staining of the cells This indicated the pens-
oo of the tssue by Typan blue, which excaped
from the biood vessels a3 2 result of darmage © and
mcreased permeability of the blood-brain barrier.

Pulse dicarion of 0.05 5. With puise repetition

Fig. 3. Local besmorrtege ip the thalamsms of the left brain

betmisphere of 3 rabbiz 24 b sfter somscanon: f = 1.72 Mz,

peak icnsity (/) = 7000 W can ™!, puise daration (PD) =

0.1 3. puise repetition frequency ( PRF) = 1.0 Hz. pumber
of pulses (NP) = 20. Cresyt violet staun: x27.

frequency of 0.1. 0.5 z0d 1.0 Hz. and the oomber of
pulses 3 to 10. tny haemorrhegia, biue-spoe dis-
persement &3 well 25 diffuse bive-saincd mreas (oot
more than .0 mm in diameter) could be obeerved i
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Fg. 4. Pyknooc glia cell oocia snd dark shrunken perve
cells close 10 hacmorrhage resuung Lom the somcanca.
Cresyt vl |mn: X650,

some cases. However, o oace of damage was found in
citber czli- or fiber-siamed secuoans. in spite of ciearly
visible red spots or gypan blue staiaing oa frozen
blocks of the brain

Pulse duranion of 0.! s The puise repeauon fre-
quency and pumber of puises bad an effect oa e
seventy of the gssuc damage. Diffuse bine colorauon
(DB). bacmaorrbagia ( Hem) and local lesons (Les)
the irradiated area wore induced with muluple pulses
depending on pulse repenton frequency and pumber
of puises (see Tabie 2). Geaerally, the nssuc damage
became more severe with increasing number of puises
or/and repetion frequency. Diffuse biue coloranon
resulied from sonicanoo with 2 w0 12 pulses repeated
at a low frequency (0.1 Hz). The ares uniformly
stained by trypas biue was as much 3s 10w 12 mm
in dismezer. It had 80 definable boundanes and could
be deteced only on gross examination or by 3 small
magnification of unnxined frozen sections. No evi-
dence of discreze lesions or waces of damage in cither
cell- or Gber-stained secuons were observed. The capii-

PCT/US97/14737

Lw e L -
¢ -

Yolums 21, N ' N (PR ‘
k . .. I A
jamina were cmpty due © perfusion and the capliary
walls showed 0o anatomical changes.
Hacmorthagpas were clearly visible on gross exam-
ination of unstised frozes secuoas as red areas occa-
sionally with additonal light bluewng tn sites sonicated
with 15 o¢ more puises repeated at 2 low frequency
(0.1 Hz) or wis 3 to 10 pulses repeated at higher
frequeocies (0.5 and 1.0 Hz). Such lesions were up
to 1.5 mm in dameter and were round in shape. but
in some cases the size and shape of the iesions vaned.
Figure 3 shows a | 2-tam-iopg lesion in the thalamus.
The lesion connns of some separated aress with large
crytrecyte concentraton throughout cach of them and
exhibirs a curved shape, mdicating 2 preferential orien-
1agon. perbaps due 0 iarge blood vessel placewent
Between the aress ccaupeed by erythrocyres there were
arexs in which erytiwocyies were not present and the
blood vessels sppeared W be mct All identifiable
ocurons showed varying degrees of aboarmality. Onc
predominant feamre was shrmkage and intense stain-

5. Local lesion ia the thalamns of the right brain of the
w

Fig.
mo?uuuuml-.-l.nmnm
™. PD = 0.1 & PRI = 50 He. NP = 5. Cresy! violet
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ing of cell bodies and nuclei with no visible internal
sgucure. Much celhular debris as well as a few pormal

glia cell nucler were present jos¢ 10 the bemorthage
(Fig. 4).

Pulses repested at 2 frequency of 1.0 and S0 Hz
resulted 1n a Tackless circumsaribed iesion ac the focus.
The seventy of lustologic changes was found to be
dependent upon the aumber of pulses. Tissue fraginen-
tation. inchuding that of capdlanes expressed as
bacmorrhagis within the lesion. was found o about
30% of the sises irradisted with 2 o 35S puises.

The lesion produced with five puises at a fre-
quency of 3.0 Hz in tbe thalarpos was | 2 mm in diame-
ter and oo gross exarmunanog coald be detected a3 an
clongated. miformly stained area Ity longer atis was
parallel 10 e axis of the ultrasound beam. On mucro-
copic cxamination of cresyl vioket—siamed sectons,
the icsion (24 b afier exposure ) appesred as & uniform
pale-stained area wivch was sharply demarcated from
oocmal tssne (FRgs. 5 and 6). This is rypweal of 2 20ne
of liquefacthion oecrosis. The acuroas. axs cylinders

m.ﬁ:phaimmedgeof:hcmhuyb-
plasm was partly dissolved. Only a few microghia were

mhapﬂhyhﬂmm“ofbew
process (Fig. 7).

Lesiouns praduced with 10 w 20 pulses (repetition
&mdl.oms.ﬂﬂz)mewl.ln
25 mm in length 20d ©p t© 1.5 mm in diameter and
bomogencously sined with trypan biue. Figure 8
Fig. & The comral pant of the Jesiom a Fig 5 shows a kesion sitozed in the thalamos prodoced with

_u;nau-:h.tlknehw_:meﬁh lSpdgampa:eduﬁaqmcyofSHz.‘!&emn
with shreds of cywplasm and indsinguishable buckeoti and  §TSat disarTay of the marriz including the ceotral pant

a few ipSanmnatory ceils. Cresyt violes sain; x275. mxm&mmnm;m;mm
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ton of ihe secooas. The 1 . i the MATX was Com-
pietely disorganized. There were & large number of
holes and clefts, and many of e small blood vessels
Wﬂdmmm*mswrwmvymmxh
erythrocyte dispersement 1010 the surrounding gssue
(Fig. 9). Some bdlood vessels were unbroken but ap-
peared to be dilated and congested by erythrocyies
whuch probably were coagulawd. No intact peurons

in any pant of the lesicn. Much indisuaguish-
abie celi debris, *“ghost’ czlis, small dark and pyknouc
suchei with streds of cytopiasm and invisible aucieoll
as well as x glia cell nucher could be cbserved
o the lesion (Fig. 10). Single nerve cells close © the
border. butw&delheleﬁm.mahoaﬂmm

vidnityofthclaimmlmnﬁwndmm&cm

roas.
lz;ebﬁansdabunl.?mmdm.pm-

ﬁ;l.Alﬁ-hmdammmm
» -ﬁ:hq—uehehnuumdw

Qoas due tissme fragmessanon: f = 1.72 MHx, [ =
7000 W em~?, PD = 0.1 s, PRF = 5.0 Hz, PN = |§. Cresyl
violet stamm: x27.

PCT/US97/14737

Yolume Il Numter © 9P

: 4

Fg. 9. Indistinguishable besophilic detris of cells and congy-
smn: x 440 (the same exposare s i g §).

duced with 20 to 15 puises of 0.1-s caraton. thowed
a charactertstc *“iland-moat”” patern. On gross cxam-
inatioa the center of the lesion showed bittle or po vital
suining, whereas the petipheral regpion surrounding the
cooter was intensely staioed with Typan bloe. Micro-
SCOpIC examinanon showed the ceotral zooe 10 be co-
aguianon necrosis and the surrounding zooe W be big-
pefaction necrosis. Tissoe fragmenaoce. wcluding
thar of cxpillanics (expressed as Jocal bemorrhage).
was found in most of the lexons.

Pulse dwranion of 0.5 5. Sonications with rwo o
three pulses caused icsions with the *island-thoat”’
spreading muacerebrally, and often rupniring o the
puises resuited in postoperstive death of animals due
10 gross hemarrhage in all cases.

Occasicnally ‘*echo lesions' couid be detecied ar
the base of the bram. which could hsve boen caused
by the divergent beam absorpoion and refiection at the
concave fegions m the base of the skull
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DISCUSSION

The resuwlts presenied in tus arucle offer a new
potenual for caviancn-based ulzasound therapy of the
brun. The resuits indicaze that Lhe effects of cavitauon
can to some extent be conwelled by pulse dunauon.
number of pulses and repeuuon frequency.

The four different effects observed were: modifi-
cation of the blood -brain barrier; local hacmorthagia;
destrucnon of Gssue: and gross haemocrhage. resuiting
in death of the animal The kpowiedge of these end
points will be useful whea arget volunes m the brain
are trealed using focused uirasound.

From the data presented it is obvious that stroag
subbarmoaic cousson can be taduced m rabbit bran
in vivo. Based on the work of Neppiras (1969), Lele
(1977) and Hynyaen (1991) this is an indicanon of
indicated tha strong mechanical damage was usuaily
of the subbarmonic emisnon decreased slightly as the
puise duration mcressed. The higher frequency bad a

Fig. 10. Small dark and pyimotic sociei with shreds of cyto-
plasn invisible oacleols of e severely sffecud newrons.
Cresyl violet smia: x 1625 (the same exposare as in Fig. 8).

mmwm:mwmmﬂ
mudonemmmmuckm(ﬂynym |99|)

The actual threshoid values for cavitaton ip braia
mpmwdhutapmrwbehr;ummw
by others (e.g.. Lele 1977. 1987). The intensiry duesh-
old had sigmficant vanauons from locaton 10 location
and thus it 1s difficult 10 make exact comparisons be-
tween different studies. In additicn, measurement of
peak intensity of sharply focused mansducers is diffi-
cult. All hydropbones used are large compared to the
focsl diameter with the sharply focused wamducers
Similarly, thermal techniques are less accurme when
the focal spot is amall and incensity high The iechniqoe
wed here (o obtain peak msensity ffrom the measured
acoustic power based ou the focal distribasion shoulkd
bave fewer uncertainties. and it typically gives bigher
inientity values than those cbeerved by bydrophooes
when sharply focused transducers are wessed.

The severxy of te tsoe damage of an sitrasound
incremed weh incresnng pulswe duration. sumber of
length allows @ bubbles 10 grow and do more damege.
Second, multiple pulses bave an xiditive effect. Firaly.
whes the repetition froquency & increased the intrval
betwern e pulses is decressed sod. thus, the bobbles
famﬁ&md:pmmhwhmn

To snxdy the relationship boween the oorurrence
of cavianion anxd damage in tsie, rabbit brxins were
sonicaed 2 the spatial and Emporal pesk mcnsity of
7000 W cm™! (f = 1.72 MHz). These sonications did
oot casse observabie biswologic damage despee the occur-
reace of subbarmonic emssion during single puises of
0.01,0.05 anxd 0.1 -3 duration. Multipie puises of the same
curapon caused different types of denage depeading oo
puise durabion. repetition frequency and sumber of
area or diffuse blue-siamed soall arcas were observed in
sizes souicated with puises repeased st low froquencies.
This indicmes that wichin the sonicmed area e biood-
mm-ummpum&nm
blue dye doe perbaps © caviasion. Blue spos showed
the jocanions @ which czvimtion coukd ocor frs

We have alw found tiny tmemosrhage or small local
hacmorthagic srcas withom damaging the surrounding
vadnmmmubw
with 3 higher palse repetition frequency. Ballantioe et al
(1960) aiso damaged tr biood-brain berrier without
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damaging the parenchyma m. . fved that erygwocyws

and polymorphoouciesr ieukocytes appeared 10 peactraie
ocils. Similar effects on parenchymai ceils
in liver were reponed by Bell ( 1958): bowever, the cause
of damage o the biood—brain bamer was not Knowm.
Shawngmmdnhnnmofccumgem-
ared by wibranng bubbles produced by ulwasound tn
blood vessels. free racicals creaed by the Fanuent €avitd-
soo ( Al-Karms et al. 1994 Edroonds and Sancrer 1983)
or rupage of cell membranes cue to bubble collapse
could casse the increase in membrane permeability. In
mmmmmukmum-
&umum-mmmuyauuk
cdown biood vessel walls without producing 3 discrese
Jeion by proper selecnog of d0Sgc ParRmEiers.

Lxdu:ﬁmhufednpondmulummd
beam were with muitple 0.1-5 pulses re-
penadata&qnncyo(l.OmdS.DHLUqufx:ion
mﬁmwofmwmor
mmmum-mmmm
ﬁvewkn‘l’hcmnld:.m;umidbcmmd
xobeprcdn:dbymboedthamﬂmdmzmaw
itagion effects.

Gross bemorrhage resuited in death of the animals
hanasaequudwmo_‘i-smjaﬁmmsb
sssumed 0 be caused by desuction of larger blood
vessels which cansed the biceding. This i3 in agreement
with the observanoca of Lehmans and Hemick (1933)
wbo observed biood vesse! damage afler cooBoUOUS-
wave ultrasound exposure. Such bieeding should be
avoided during brain therapy, and thus. the exposure
conditions should be designed such that oaly sbort
ultrasound pulses are vrilized

In conclusion. the results observed in this arucle
mwmuymmﬂhmuypuof
Meﬁmakhﬂ@bypﬂumﬂmm
ultrasound. The effects can be separated from each
other by Mmmdmm fre-
mmm«mmm«u
blood-brain berrier could have signuficant potential
faMWmuwnaﬂmu
tumor celis. Compiete damage of the cells without
dmmmmmmumeam
many.xmwmmzm:m
lanere could be induced by delivermg. for exampic. 15
pulses with a dursnon of 0.1 s and 2 repetiticn fre-
quyofﬂ.lﬂ:.l!bobvhnh;nzhwnlm
the tssue effects could have significant therapeutuic po-
wential and should be studied further.
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Materials and Methods

Sonications:

The ultrasound was generated by using in-house manufactured focused ultrasound
transducers. Three different transducers were used for this study. They were all
manufactured by mounting a spherically curved 10 cm diameter piezoelectric ceramic
(PZT4) bowl in a plastic holder using silicon rubber. The ceramic had silver or gold
electrodes both in the front and back surface. The single element transducer had a
radius of curvature of 8 cm and was connected to one coaxial. The transducer had a
fundamental resonance frequency of 0.556 MHz and the third harmonic frequency of
1.67 MHZ. One coaxial cable connected the electrodes to a LC matching network
(separate for each frequency) that matched the electrical impedance of the transducer
and the cable to the RF amplifier output impedance of SO ohm and zero phase. The
matching circuit was connected to an ENI amplifier (both ENI A240L and A500 were
used in the tests). The RF signal was generated by a signal generator (Stanford
Research Systems, Model DS345).

The two phased arrays had similar structure and the same driving hardware; the
resonant frequency being their only main difference. The two arrays operated at 0.6
MHz and 1.58 MHz. The radius of curvature of both of the transducers was 10 cm
and both of them were cut into about | cm2 square elements as shown in figure 1.
The total number of elements in both arrays was 64 although only 60 were driven in
the experiments due to hardware limitations. The ceramic bowl was cut using a
diamond wire saw so that the elements were completely separated by a 0.3-0.5 mm
space. The space left by the cutting was filled by silicone rubber that kept the array
elements together and isolated them acoustically from each other. The silicone rubber
allowed the transducer elements to move with minimum amount of clamping. Each
transducer element was connected to a coaxial cable and a matching circuit that was
individually tuned. The array was driven by a in-house manufactured 64 channel
driving system that included a RF amplifier and phase shifter for each channel. The
phase and amplitude of the driving signal of each channel was under computer control

(see Buchanan and Hynynen for detail).
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Ultrasound measurements

The ultrasound pressure wave distributions were measured using n.eedle hydrophones
(spot diameter 0.5 and 1 mm) and an amplifier (Precision Acoustics Ltd). The
amplified signal was measured and stored by a oscilloscope (Tektronix, model 243 1L
). The hydrophone was moved by stepper motors in three dimensions under computer
control. The pressure amplitudes measured by the oscilloscope were stored by the

computer for each location.

The absolute pressure amplitudes at the maximum power levels at the focus were

measured by a shock wave hydrophone (Sonic Industries) and the oscilloscope.

Experiments:

A piece of human skull ( top part of the head: front to back 18 cm and maximum
width 12 cm) was obtained and fixed with formaldehyde. It has been shown that the
acoustic properties of formaldehyde fixed skull and a fresh skull are almost identical.
The experimental setup is shown in figure 2. The ultrasound applicator under test was
positioned in a water tank the walls and bottom of which were covered by rubber mat
to reduce ultrasound reflections. The tank was filled with degassed deionized water.
The hydrophone that was connected to the scanning frame, was positioned to the
focus of the uitrasound field. The pressure amplitude distributions were measured in
the water by scanning the needle hydrophone. After the water experiments the piece
of skull was positioned in front of the transducer and the ultrasound field
measurements repeated. In the phased array experiments the phase shifts introduced
by the skull were also mapped and corrected. This was done by positioning the
hydrophone in the focal position of the ultrasound field without the skull and then
driving each transducer element separately while measuring the phase of the wave
with the hydrophone. From these measurements a phase correction for each
transducer element was calculated and programmed in the phase shifters. Then the

ultrasound field measurements were repeated while driving the array with the
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corrected signals. In all of the above measurements the ultrasound field was

continuously on at a low power level.

In a second set of experiments the total peak pressure amplitudes achievable in the
focus through the skull were measured. In this experiment the transducer was placed
on the bottom of the tank and the beam aimed up towards the water surface. The skull
was placed on the transducer so that it was supported by the edges of the applicator
but not by the piexoelectric elements. The shock hydrophone was lowered at the

focal depth and positioned to the acoustic focus. The tranducer was used in the burst
length of 10 or 20 cycles. This was done to avoid electrical interference that was

picked up by the hydrophone during sonication.

Results

It was possible to produce a well focused beam with the 0.559 MHZ singie element
transducer through the bone. The beam had secondary peaks introduced by the skull
but the main peak was the highest. The location of the peak was also shifted by the
skull by 1-2 mm from its geometric position (figure 3). However, focus was
completely destroyed when 1.67 MHZ was used. (Figure 3.b) Similar results were
obtained with the phased array. Figure 4 demonstrates the effect of skull on the
pressure amplitude distribution across the focus. The effect of the skull in the focal
shape can be reduced by correcting the phase. The main impact of the phase is in the
location of the focus that can be corrected back to the geometric focus. The magnitude
is reduced to 26 % and 31 % of its water value without and with the phase correction,
respectively. The importance of the phase correction is demonstrated more clearly
with the higher frequency array. With this array the focus is completely destroyed by
the skull. However, when the phase correction is introduced the focal spot is returned

into 1ts original shape.
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To demonstrate the power transmission capability of the skull the peak pressure
amplitude in the focus with the 0.559 MHZ single transducer was measured. The
maximum pressure amplitude was 8.0+/- 0.6 MPa. The variation resulted from
reposioning the peace of skull on the transducer. Similar measurements with the 0.6
MHZ phased array revealed that the RF-amplifiers could not deliver adequate power
and pressure amplitudes of 1.5 MPa were measured. Higher powers could have been

delivered with a higher power amplifier system.

Discussion

The results demonstrated that an ultrasound beam can be focused through the skull at
frequencies around 0.6 MHz or lower with a few millimeter shift in the focal position
away from its geometric focus. The secondary pressure peaks are also enhanced by
the skull. These effects on the focal shape can be reduced by using phased array and
correcting for the phase shifts caused by the bone. At higher frequencies the
wavelengths are shorter and the propagation delay variations caused by the variable
thickness of the skull become significant when compared with the wavelength. This
results in destruction of the focal spot when the focused beam propagates through the
skull. The results demonstrated that the effects of the skull to the beam shape can be
eliminated using a phased array with proper phase corrections and sharp focusing can
be achieved. In this study the phase correction was calculated from hydrophone
measurements. We predict that the same corrections could be made by obtained the
skull thickness from a CT scan and then calculating the phase correction required for

each array element.

Our driving hardware did not permit us to deliver adequate energy through the skull
to reach cavitation threshold with the phased array. However, the single element
transducer at the 0.554 MHz allowed us to deliver up to 8 MPa pressure amplitudes
through the skull. With a phased array the phase correction could increase the
pressure amplitude to about 9.5 MPa at the same driving conditions. This value was

reached through an area of 10 cm in diameter. If the whole available skull surface
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around the brain is utilized then at least three times larger window could be used.
Thus it is estimated that pressure amplitudes around 30 MPa can be induced in the
brain through the skull. These values are significantly above the 4 MPa that was
measured to be the threshold value in vivo muscle at 0.6 MHz (Hynynen 1991) and
the value of 8.5 MPa at 0.936 MHz measured in vivo rabbit brain (Vykhtodseva et
al., 1995). The cavitation threshold is frequency dependent decreasing with the
frequency. Thus the results demonstrate that adequate ultrasound transmission
through skull can be generated to induce cavitation. The pressure values at the skull
or skin are well below the thermal and cavitation damage thresholds.

Although good results were achieved with only 60 transducer elements in the phased
array it is likely that more and smaller elements are needed in order to be able to
move the focal spot inside of the brain. Much more work needs to be done before the

array geometry is optimized.
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Figures :

Figure 1. A diagram of one of the phased arrays.

Figure 2. A diagram of the experimental set up.
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Figure 3. A. The ultrasound intensity distribution across the focus of the 0.559 MHZ -
single transducer measured in water. B. The same distribution when the skuil was in
front of the transducer, C. The intensity distribution at 1.67MHz measured in water

and D. through the skull.

Figure 4. A Pressure amplitude profiles across the focus of the 0.6 MHz phased array

in water, through the bone and through the bone when phase correction was used.
Figure 4. B. The same but along the axis.
Figure 5. The ultrasound intensity distribution measured across the focus of the 1.58

MHz phased array. A. In water. B. through skull without phase correction and C.

Through skull with phase correction.
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In view thereof, what we claim is:

A method for delivering a compound from the bloodstream to a

selected location in the brain, the method comprising

applying ultrasound to a selected location in the brain to effect at that

location a change detectable by imaging,

generating a radiologic image of at least a portion in the brain to

confirm the location of that change, and

applying ultrasound to the confirmed location in the brain, or a
location based thereon, to open the blood-brain barrier at that

location and, thereby, induce uptake of the compound at that location.

A method according to claim 1, wherein steps (A) and (C) include the

step of delivering the ultrasound through the skull.

A method according to claim 2, wherein steps (A) and (C) include
the step of delivering the ultrasound using any of (i) a phased array,
(i1) a focused ultrasound transducer, and (iii) a combination of an

ultrasound source and acoustic lens.

A method according to claim 1, wherein steps (A) and (C) include the

steps of

exposing dura matter of the brain,

delivering the ultrasound substantially at or beneath the exposed dura

matter.
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A method according to claim 1, wherein step (B) includes the step of"
generating a radiologic image of at least a portion of the brain in the

vicinity of the selected location.

A method according to claim 1, comprising admitting the compound
into the patient's bloodstream at least in a vicinity of the selected

location.

A method according to claim 1, wherein step (C) includes the step of
delivering the ultrasound to the confirmed location in the brain to

open the blood-brain barrier by cavitation.

A method according to claim 7, wherein step (C) includes the step of
delivering the ultrasound to the confirmed location in the brain at a
frequency ranging from 20 kHz to 10 MHz, sonication duration
ranging from 100 nanoseconds to 30 minutes, with continuous wave

or burst mode operation, where the burst mode repetition varies from

0.01 Hz to 1 MHz.

A method according to claim 1, wherein step (C) includes the step of
delivering the ultrasound to the confirmed location in the brain to

open the blood-brain barrier by heating.

A method according to claim 9, wherein step (C) includes the step of
delivering the ultrasound to the confirmed location in the brain at a
frequency ranging from 250 kHz to 10 MHz, and with sonication

duration ranging from 0.10 microseconds to 30 minutes.

A method according to claim 1, wherein step (A) includes the step of
delivering the ultrasound to the selected location in the brain to

induce by cavitation the change detectable by imaging.
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A method according to claim 11, wherein step (A) includes the step -
of delivering the ultrasound to the selected location in the brain at a
frequency ranging from 20 kHz to 5 MHz, and with sonication

duration ranging from 100 nanoseconds to 1 minute.

A method according to claim 1, wherein step (A) includes the step of
delivering the ultrasound to the selected location in the brain to

induce by heating the change detectable by imaging.

A method according to claim 13, wherein step (A) includes the step
of delivering the ultrasound to the selected location in the brain at a
frequency ranging from 200 kHz to 10 MHz, and with sonication

duration ranging from 100 milliseconds to 30 minutes.

A method according to any of claims 11 - 14, wherein step (A)

includes the steps of

16.

introducing a contrast agent into the patient, at least in a vicinity of

the selected location in the brain, and

effecting a change at that location detectable by imaging by applying
ultrasound there to open the blood-brain barrier and, thereby, induce

uptake of the contrast agent there.

A method according to claim 1, wherein step (C) includes the step of
introducing into the patient's bloodstream a compound including any
of a contrast agent, a neuropharmacologic agent, a neuroactive
peptides, a protein, an enzyme, a gene therapy agent, a
neuroprotective factor, a growth factor, a biogenic amine, a trophic
factor to any of brain and spinal transplants, an immunoreactive
proteins, a receptor binding protein, a radioactive agent, an antibody,

and a cytotoxin.
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A method for delivering a compound to a selected location in the

brain of a patient, the method comprising

introducing a contrast agent into the patient's bloodstream, at least in

a vicinity of the selected location in the brain,

applying ultrasound to the selected location to open the blood-brain

barrier and, thereby, induce uptake of the contrast agent there.

taking a radiologic image of at least a portion of the brain to confirm

the location to which ultrasound was delivered,

introducing the compound into the patient's bloodstream at least in a

vicinity of the confirmed location, and
applying ultrasound to the confirmed location in the brain, or a
location based thereon, to open the blood-brain barrier at that

location and, thereby, induce uptake of the compound there.

An apparatus for delivering a compound to a selected location in the

brain of a patient, the apparatus comprising

an ultrasound source,

targeting means, coupled to the ultrasound source, for applying
ultrasound to the selected location in the brain to effect at that

location a change detectable by imaging,

imaging means for generating a radiologic image of at least a portion

of the brain to confirm the location of that change, and
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delivery means, coupled to the ultrasound source, for applying
ultrasound to the confirmed location in the brain, or a location based

thereon, to open the blood-brain barrier at that location and, thereby,

induce uptake of the compound there.

An apparatus according to claim 18, wherein at least one of the

targeting means and the delivery means includes means for delivering

the ultrasound through the skull.

An apparatus according to claim 19, wherein at least one of the
targeting means and the delivery means comprises any of (i) a phased
array, (11) a focused ultrasound transducer, and (iii) a combination of

an ultrasound source and acoustic lens.

An apparatus according to claim 18, wherein at least one of the
targeting means and the delivery means includes means for delivering

the ultrasound substantially at or beneath exposed dura matter.

An apparatus according to claim 18, wherein the imaging means
comprises means for generating a radiologic image of at least a

portion of the brain in the vicinity of the selected location.

An apparatus according to claim 18, wherein the delivery means
includes means for delivering the ultrasound to the confirmed

location in the brain to open the blood-brain barrier by cavitation.

An apparatus according to claim 23, wherein the delivery means
includes means for delivering the ultrasound to the confirmed
location in the brain at a frequency ranging from 20 kHz to 10 MHz,
sonication duration ranging from 100 nanoseconds to 30 minutes,
with continuous wave or burst mode operation, where the burst mode

repetition varies from 0.01 Hz to 1 MHz.
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An apparatus according to claim 18, wherein the delivery means
includes means for delivering the ultrasound to the confirmed

location in the brain to open the blood-brain barrier by heating.

An apparatus according to claim 25, wherein the delivery means
includes means for delivering the ultrasound to the confirmed
location in the brain at a frequency ranging from 250 kHz to 10 MHz,
and with sonication duration ranging from 0.10 microseconds to 30

minutes.

An apparatus according to claim 18, wherein the targeting means
includes means for delivering the ultrasound to the selected location

in the brain to effect radiologic activity by cavitation.

An apparatus according to claim 27, wherein the targeting means
includes means for delivering the ultrasound to the selected location
in the brain at a frequency ranging from 20 kHz to 5 MHz, and with

sonication duration ranging from 100 nanoseconds to 1 minute.

An apparatus according to claim 18, wherein the targeting means
includes means for delivering the ultrasound to the selected location

in the brain to induce by heating the change detectable by imaging.

An apparatus according to claim 29, wherein the targeting means
includes means for delivering the ultrasound to the selected location
in the brain at a frequency ranging from 200 kHz to 10 MHz, and
with sonication duration ranging from 100 milliseconds to 30

minutes.

An apparatus for delivering a compound to a selected location in the

brain of a patient, the method comprising
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an ultrasound source,

targeting means, coupled to the ultrasound source, for applying
ultrasound to the selected location to open the blood-brain barrier

and, thereby, induce uptake of the contrast agent there.

imaging means for taking a radiologic image of at least a portion of
the brain to confirm the location to which ultrasound was delivered,

and

delivery means, coupled to the ultrasound source, for applying
ultrasound to the confirmed location in the brain, or a location based
thereon, to open the blood-brain barrier at that location and, thereby,

induce uptake of the compound there.

A method for delivering a compound from the bloodstream to a

selected location in the brain, the method comprising
applying ultrasound to a selected location in the brain to (i) induce a
change at that location detectable by imaging, and (ii) open the

blood-brain barrier at that location and, thereby, induce uptake of the

compound at that location, and

generating a radiologic image of at least a portion in the brain to

confirm the location of the change detectable by imaging.

A method according to claim 32, wherein step (A) includes the step

of delivering the ultrasound through the skull.

A method according to claim 33, wherein step (A) includes the step

of delivering the ultrasound using any of (i) a phased array, (i) a
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focused ultrasound transducer, and (iii) a combination of an

ultrasound source and acoustic lens.

A method according to claim 32, wherein step (A) includes the steps
of

exposing dura matter of the brain,

delivering the ultrasound substantially at or beneath the exposed dura

matter.

A method according to claim 32, wherein step (B) includes the step
of generating a radiologic image of at least a portion of the brain in

the vicinity of the selected location.

A method according to claim 32, comprising admitting the compound
into the patient's bloodstream at least in a vicinity of the selected

location.

A method according to claim 32, wherein step (A) includes the step
of delivering the ultrasound to the selected location in the brain to
induce at that location a change detectable by imaging and to open

the blood-brain barrier by cavitation.

A method according to claim 38, wherein step (A) includes the step
of delivering the ultrasound to the selected location in the brain at a
frequency ranging from 20 kHz to 10 MHz, sonication duration
ranging from 100 nanoseconds to 30 minutes, with continuous wave

or burst mode operation, where the burst mode repetition varies from
0.01 Hzto 1 MHz.
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A method according to claim 32, wherein step (A) includes the step
of delivering the ultrasound to the selected location in the brain to

induce by heating the change detectable by imaging and to open the

blood-brain barrner,

A method according to claim 40, wherein step (A) includes the step
of delivering the ultrasound to the selected focation in the brain at a
frequency ranging from 250 kHz to 10 MHz, and with sonication

duration ranging from 0.10 microseconds to 30 minutes.

A method according to claim 32, wherein step (A) includes the step
of introducing into the patient's bloodstream a compound including
any of a contrast agent, a neuropharmacologic agent, a neuroactive
peptides, a protein, an enzyme, a gene therapy agent, a
neuroprotective factor, a growth factor, a biogenic amine, a trophic
factor to any of brain and spinal transplants, an immunoreactive
proteins, a receptor binding protein, a radioactive agent, an antibody,

and a cytotoxin.

An apparatus for delivering a compound to a selected location in the

brain of a patient, the apparatus comprising

an ultrasound source,

targeting/delivery means, coupled to the ultrasound source, for
applying ultrasound to the selected location in the brain to (i) effect a
change at that location detectable by imaging, and (ii) open the

blood-brain barrier at that location and, thereby, induce uptake of the

compound there, and
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imaging means for generating a radiologic image of at least a portion ~
of the brain to confirm the location of the change detectable by

imaging.

An apparatus according to claim 43, wherein targeting/deliver means

includes means for delivering the uitrasound through the skull.

An apparatus according to claim 44, wherein targeting/deliver means
comprises any of a (i) a phased array, (ii) a focused ultrasound
transducer, and (iif) a combination of an ultrasound source and

acoustic lens.

An apparatus according to claim 43, wherein targeting/deliver means
includes means for delivering the ultrasound substantially at or

beneath exposed dura matter.

An apparatus according to claim 43, wherein the imaging means
comprises means for generating a radiologic image of at least a

portion of the brain in the vicinity of the selected location.

An apparatus according to claim 43, wherein the targeting/deliver
means includes means for delivering the ultrasound to the selected
location in the brain to induce by cavitation a change detectable by

imaging and to open the blood-brain barrier.

An apparatus according to claim 48, wherein the targeting/delivery
means includes means for delivering the ultrasound to the confirmed
location in the brain at a frequency ranging from 20 kHz to 10 MHz,
sonication duration ranging from 100 nanoseconds to 30 minutes,
with continuous wave or burst mode operation, where the burst mode

repetition varies from 0.01 Hz to 1 MHz.
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An apparatus according to claim 43, wherein the targeting/delivery
means includes means for delivering the ultrasound to the confirmed
location in the brain to induce by heating the change detectable by

imaging and to open the blood-brain barrier by heating.

An apparatus according to claim 50, wherein the targeting/delivery
means includes means for delivering the ultrasound to the confirmed
location in the brain at a frequency ranging from 250 kHz to 10 MHz,

and with sonication duration ranging from 0.10 microseconds to 30

minutes.

A method for delivering a compound from the bloodstream to a

selected location in the brain of a patient, the method comprising

applying ultrasound to a selected location in the brain to effect at that

location a change detectable by imaging,

generating a radiologic image of at least a portion in the brain to

confirm the location of that change,

further confirming that location by a change in central nervous

system function of the patient,

applying ultrasound to the confirmed location in the brain, or a
location based thereon, to open the blood-brain barrier at that

location and, thereby, induce uptake of the compound at that location.

A method for delivering a compound from the bloodstream to a

selected location in the brain of a patient, the method comprising

applying ultrasound to a selected location in the brain to effect a

change in a central nervous system function of the patient,
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confirming that location by a change in that central nervous system -

function. and

applying ultrasound to the confirmed location in the brain, or a
location based thereon, to open the blood-brain barrier at that

location and, thereby, induce uptake of the compound at that location.

A method for delivering a compound from the bloodstream to a

selected location in the brain, the method comprising

applying ultrasound to a selected location in the brain to (i) induce a
change at that location detectable by imaging, and (ii) open the
blood-brain barrier at that location and, thereby, induce uptake of the

compound at that location,

generating a radiologic image of at least a portion in the brain to

confirm the location of the change detectable by imaging, and

further confirming that location by a change in central nervous

system function of the patient.

A method for delivering a compound from the bloodstream to a

selected location in the brain of a patient, the method comprising
applying ultrasound to a selected location in the brain to (i) a change
in a central nervous system function of the patient, and (ii) open the
blood-brain barrier at that location and, thereby, induce uptake of the

compound at that location, and

confirming that location by detecting a change in that central nervous

system function.
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A method for treating at least one of a neurological and a

neurologically-related disorder, the method comprising

applying ultrasound to a selected location in the brain to effect at that

location a change detectable by imaging,

generating a radiologic image of at least a portion in the brain to

confirm the location of that change,

applying ultrasound to the confirmed location in the brain, or a
location based thereon, to open the blood-brain barrier at that
location and. thereby, induce uptake at that location of a compound in

the bloodstream.

A method for treating at least one of a neurological and a

neurologically-related disorder, the method comprising

applying ultrasound to a selected location in the brain to effect at that

location a change detectable by imaging,

generating a radiologic image of at least a portion in the brain to

confirm the location of that change,
applying ultrasound to the confirmed location in the brain, or a
location based thereon, to open the blood-brain barrier at that

location and, thereby, induce uptake at that location of a compound in

the bloodstream.

A method for modification of neurologic and neurologically-related

activity, the method comprising
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applying uitrasound to a selected location in the brain to effect at that

location a change detectable by imaging,

generating a radiologic image of at least a portion in the brain to

confirm the location of that change,

applying ultrasound to the confirmed location in the brain, or a
location based thereon, to open the blood-brain barrier at that
location and, thereby, induce uptake at that location of a compound in

the bloodstream.

A method for functional neurosurgery, the method comprising

applying ultrasound to a selected location in the brain to effect at that

location a change detectable by imaging,

generating a radiologic image of at least a portion in the brain to

confirm the location of that change,
applying ultrasound to the confirmed location in the brain, or a
location based thereon, to open the blood-brain barrier at that

location and, thereby, induce uptake at that location of at least a

selective cytotoxin in the bloodstream.
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