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(57) Abréegée/Abstract:
Methods and apparatuses are provided for initiating stroke treatment in the field and/or during the transport of the patient to a care
facllity. The capabillity Is provided to adjust automatically to the individual therapeutic window for each single patient, which Is crucial
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(57) Abrege(suite)/Abstract(continued):

because of the significant differences in skull morphology between humans of different age, gender and race. Further, the methods
and apparatuses are based on the use of non-invasive application of ultrasound, as well as the non-invasive application of
ultrasound In combination with an acoustically active agent, such as microbubbles, where stable cavitation of the microbubbles
caused by the ultrasound may be relied upon as an underlying mechanism for both the therapeutic application as well as its control.
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(57) Abstract: Methods and apparatuses are provided for initiat-
ing stroke treatment in the field and/or during the transport of the
patient to a care facility. The capability is provided to adjust auto-
matically to the individual therapeutic window for each single pa-
tient, which 1s crucial because of the significant differences in
skull morphology between humans of different age, gender and
race. Further, the methods and apparatuses are based on the use of
non-invasive application of ultrasound, as well as the non-invas-
ive application of ultrasound m combination with an acoustically
active agent, such as microbubbles, where stable cavitation of the
microbubbles caused by the ultrasound may be relied upon as an
underlying mechanism for both the therapeutic application as well
as 1ts control.
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PORTABLE DEVICE TO INITIATE AND MONITOR TREATMENT OF STROKE
VICTIMS IN THE FIELD

[0001] This invention was made with government support under HL091043 awarded by

National Institute of Health. The government has certain rights in the mvention.

TECHNICAL FIELD

[0002] The present invention relates to treating victims of stroke or stroke-like events, and 1n
particular, to providing a portable device to initiate treatment and monitor victims “in the field”
and/or during transport to a care facility by applying ultrasound non-invasively, as well as in

combination with intravenously administered microbubbles, through an 1ntact skull.

BACKGROUND

[0003] A stroke or cerebrovascular accident (CVA) refers to a rapid loss of brain function
due to a disturbance 1n the brain’s blood supply, for example, due to a lack of blood flow
(referred to as 1schemia) caused by blockage, ¢.g., thrombosis or arterial embolism, or a
hemorrhage. Stroke 1s the second leading cause of death worldwide and the third leading cause
of death 1n the United States, between cardiac diseases (the number one worldwide common
cause of death) and tumor diseases (the number three worldwide common cause of death). The
majority of acute ischemic strokes (80%) are caused by thrombo-embolism, and 1n comparison
to, ¢.g., cardiac and tumor-rclated discases, the amount of acute cell death 1n 1schemic stroke
during the 1nitial phase of a stroke event 1s significantly greater. That 18, neuronal brain cells
(ncurons) are very sensitive to oxygen supply, which may be interrupted, for example, due to a
sudden arterial vessel occlusion. Thus, neurons turn into apoptosis within the first 60 seconds of
oxygen deprivation. Apoptosis 18 defined as a programmed cell death, which means that neurons
start to die rreversibly even at this very early point in time if recanalization, and therefore
providing an oxygen supply, does not occur.

[0004] Figure 1 1llustrates one example of a normal vessel, indicated by arrow 10, an
example of an occluded vessel, indicated by arrow 20, and an example of a recanalized vessel at,

¢.g., 25 minutes after occlusion, indicated by arrow 30. Figure 1 further illustrates an example of
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a blood clot 40, as observed prior to the application of ultrasound treatment, as well as an
example the blood clot 40, as observed post-ultrasound application.

[0005] In the case of acute 1schemic stroke, 1t has been shown that an average of 1,900,000
neurons die every minute due to intracranial arterial vessel occlusion. Hence, it 1s a worldwide,
common understanding that therapeutic options to recanalize the affected brain artery should be
applied as carly as possible. Recent advances in stroke care, such as the installation of
specialized Stroke Centers/Units or TeleMedicine concepts, have improved stroke care 1n
selected arcas. However, all of these activities are either mitiated or coordinated mainly by well-
known academic centers 1n developed countries, and the overall impact of these improvements
on stroke care are negligible.

[0006] It should be noted that the cause of the worldwide growing incidence of stroke may
be attributed to three main causes. First, there 1s a lack of public awareness of the discase and 1ts
symptoms. Second, all conventional therapeutic interventions require hospitalization of the
patient. Third, and among people of all ages, more than 85% of global deaths from stroke occur
in either low or middle-income countries, where approximately 85% of the world’s total
population resides. Figure 2 illustrates that deaths attributable to stroke 1n middle income
individuals was approximately 3 million 1n the early 2000s, and 1s increasing, as indicated by
line 210, almost 2 million for low income individuals and also increasing, as indicated by line
220. In contrast, and as indicated by line 230, deaths attributable to stroke amongst high income
individuals 1n the early 2000s and projected through 2030 remains under 1 million.

[0007] Currently, there 1s no known therapeutic option which allows the treatment of acute
stroke patients to begin “in the field,” e.g., at the site of the emergency and/or during transport to
a care facility, such as a hospital. In the field treatment can be considered to be of critical
importance since the majority of strokes occur in suburban or rural areas, often a great distance
from specialized stroke centers. In these cases, the time delay between an emergency call, ¢.g.,
911 call, arrival at the site of the emergency, and transport to the specialized stroke center may
often be a limiting factor as to whether a patient survives, suffers from lifelong invalidity, or
fully recovers without any deficits.

[0008] One recently developed device, which aims to treat stroke victims using ultrasound, 1s

a device, referred to as the CLOTBUST™-ER by Cerevast Therapeutics, Inc. However, the
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CLOTBUST™L-ER ultrasound stroke treatment device has been developed for stroke treatment
In an emergency room, after a patient’s admission to a hospital, and 1n combination with Tissue
Plasminogen Activator (tPA), currently the only FDA approved lytic drug for stroke treatment.
Accordingly, and again, even with such a device, treatment 1n the field remains lacking for stroke

victims.

SUMMARY

[0009] Various embodiments of the present invention are directed to methods and devices for
initiating stroke treatment “in the field” and/or during the transport of the patient to a care
facility. The capability 1s provided to adjust automatically to the individual “therapeutic
window” for each single patient, which 1s crucial due of the significant differences in skull
morphology between humans of different age, gender and race. Further, the methods and
devices are based on the combinational use of microbubbles and stable cavitation as an

underlying mechanism for both the therapeutic application as well as its control.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] For a more complete understanding of example embodiments of the present
invention, reference 18 now made to the following descriptions taken in connection with the
accompanying drawings in which:

[0011] Figure 1 are 1llustrations of a normal vessel, an occluded vessel, and a recanalized
vessel, and the effects of ultrasound on a blood clot;

[0012] Figure 2 18 a graph 1llustrating the prevalence of stroke-related deaths among different
SOC10-€CONOMIC groups;

[0013] Figure 3 1llustrates an example implementation of a power and control module
configured and utilized 1n accordance with various embodiments for in-field treatment of a
stroke victim;

[0014] Figures 4 1s a schematic representation of the power and control module of Figure 3;
[0015] Figure 5 1s an 1llustration of time delay effects and possible tissue damage reduction

upon use of various embodiments; and
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[0016] Figure 6 1llustrates example processes performed for treating stroke victims 1n the

field 1n accordance with various embodiments.

DETAILED DESCRIPTION

[0017] Various embodiments disclosed herein are directed to methods and apparatuses for
treating patients who may suffer from an acute 1schemic stroke 1n the field and/or during
transport to a care facility. In accordance with one embodiment, such treatment can be
ctfectuated by applying ultrasound noninvasively, through an intact skull/cranium, to trigger
various biophysical effects. In accordance with another embodiment, such noninvasive
application of ultrasound can be performed 1n combination with intravenously administered
microbubbles through an intact skull/cranium, to trigger various biophysical effects. Among
other effects, the aforementioned biophysical effects triggered 1n accordance with the utilization
of various embodiments may include, but are not limited to the following: a) the improvement of
collateral and 1nterstitial flow; b) restoration of arterial flow in an affected vascular supply area;
¢) reduction of concomitant edema; d) activation of chaperone proteins; ¢) potential progenitor
cell stimulation; and f) the actual lysis of a vessel occluding blood clot.

[0018] Ultrasound can be applied 1n a pulsed manner using a transmit frequency of, ¢.g., 200
kHz, at which the distortion of an applied ultrasound beam by the skull 1s negligible. The
ultrasound can be applied from, ¢.g., both sides of a patient’s head 1 an alternating fashion.
Applying ultrasound 1n such a manner can increase the treatment areca, as well as avoid 1n
parallel potential side effects, due to the overlay of individual sound fields. In particular, two
ultrasound probes/electrodes can be placed in the anatomical area of the temporal bone and close
to the ear. The two ultrasound probes can be disposable, and have the capability to transmit an
ultrasound beam, as well as receive acoustic signals, caused by ultrasound microbubble induced
cavitation events, in accordance with certain embodiments.

[0019] In accordance with one embodiment, the pulse width of an applied ultrasound bean
may be short (¢.g., 100us) to allow a high pulse repetition rate (¢.g., 5 kHz) to provide sufficient
energy deposition. The acoustic output power may be rather low (e.g., 4 W) to accomplish a

focal maximum intensity below the Food and Drug Administration (FDA)-suggested limit of
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720mW/cm”. With regard to beam forming, a chirp mode may be utilized, although other
embodiments can utilize fundamental or phase inversion modality.

[0020] In accordance with another embodiment, and as alluded to previously, ultrasound
may also be applied 1n combination with an acoustically active agent (e.g., microbubbles).
Furthermore, 1t should be noted that the ultrasound may be applied continuously over an
extended period of time (e.g., several hours). Similar to the previously described embodiment,
the pulse width of an ultrasound beam transmitted by the ultrasound probes described above can
be short (¢.g., 10us -1000us) 1n combination with a duty cycle between, e.g., 1-50%. The
acoustic output power may be chosen to accomplish a focal maximum intensity below the FDA-
suggested limit of 720mW/cm”.

[0021] The application of noninvasive ultrasound either alone, or in combination with
intravenously administered acoustically active agent such as microbubbles, can be performed
with ultrasound transducers and a power and control device/module that can be relatively small,
preferably pocket-sized. The power and control device may be battery charged to allow for
portable and/or wireless functionality. Additionally still, the power and control device can have
a substantially easy-to-use user interface, as well as being durable and waterproof. Other
features and/or functionalities may be incorporated into one or more designs of the control
device as, ¢.g., dictated by the environment(s) in which the device may be utilized. In
accordance with one embodiment, the power and control device may be provided with an on/off
switch, not more than two control buttons, and a main control display. Such control buttons may
include, but are not limited to the following: an automated adjustment of acoustic output power
(“Automated PCD Control”) button, where PCD can refer to Passive Cavitation Detection; and a
manual adjustment of acoustic power (“Manual PCD Control”) button. It should be noted that in
accordance with certain embodiments, manual adjustment of acoustic power may mnvolve
selection of one of a plurality of output power ranges that can depend on one or more, but not
necessarily limited to the following: patient age group, ¢.g., a) <20, b) 20-40, b) 41-60, ¢) 61-73,
d) >76 years of age; gender, ¢.g., a) Female, b) Male; and race, ¢.g., a) Caucasian, b) Hispanic, ¢)
Asian, d) African/African-American. Additionally, the power and control device may include
one or more lights, such as light emitting diode (LED) lights, for example, to present cavitation

control and upper power limit indications (e.g., yellow, green, and red) to a user.
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[0022] Stmilar to electrocardiography (ECG) pads, the power and control device may utilize
disposable ultrasound transducers which can be connected to the power and control device via
some type of wired connection, and which can be discarded after use. The ultrasound
transducers, as described above, can be placed onto the temporal bone arca on both sides of a
patient’s head. The ultrasound transducer can be held 1n place using a gel-like temporary glue,
such as that used for ECG pads, for example, as will be described 1n greater detail below. To
provide sufficient conductivity between the ultrasound transducers and the patient’s skin, hair
may be removed at the location where the ultrasound transducers are applied. After the
ultrasound transducers have been positioned, the power and control device can be powered on
using the on/oft switch. As described above, lights can be used in the control device to present
certain 1ndications to a user. For example, a yellow control light can be used to provide visual
confirmation to the user that the control device 1s operative, €.g., transmitting sound waves (1.¢.,
ultrasound beams). It should be noted that a default acoustic output power value can be set after
turning the control device on, which can be 1in the milliWatts range (¢.g., 20 mW).

[0023] Subsequent to powering on the power and control device, options may be provided to
the user via, ¢.g., the main control display. A first option may be effectuated if the user chooses
to press the Automated PCD Control button, where the power and control device can
automatically increase the acoustic output power until the green control light illuminates. This
oreen control light can be used as confirmation of the occurrence of stable cavitation of
microbubbles. Stable cavitation 1s suggested as the underlying mechanism to trigger the
biophysical effects mentioned above. Therefore, illumination of the green control light may
represent the intended therapeutic activity or, 1in other words, the “therapeutic window.” A red
control light can 1ndicate that this therapeutic window has been exceeded, for example. In this
case, the acoustic output power will be decreased automatically until the red control light turns

off and the green control light turns on.

[0024] A second option can be effectuated if the user chooses to press the Manual PCD
Control button, where the power and control device can allow the user to increase the acoustic
output power manually. As described above, manual acoustic output power can be
chosen/adjusted up or down depending on one or more factors, ¢.g., the patient’s age, sex, and/or

race. During manual control, the user may, ¢.g., increase the acoustic output power and utilize
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the green control light as a gauge, where the green control light (as previously discussed) can
indicate operation of the power and control device 1n a “proper” therapeutic window. If the
acoustic output power 1s exceeded using the Manual PCD Control function, the power and
control device can either shut down or switch back to a default setting (1.¢., that indicated by a

yellow control light as described previously).

[0025] The power and control device can further drive the ultrasound transducers, where
power can be supplied by, ¢.g., a lithium polymer (L1Po) or similar battery (which can also
power the aforementioned features and/or functionality of the power and control device). A
power conversion control circuit can produce a desired ultrasound frequency. Another circuit of
the power and control device can be used to control the output power level, which can consider
input provided by a user pertaining to the patient, €.g., gender, race, and age. Still another circuit
can be used to modulate the output frequency 1n such a way that intracranial ultrasound standing
waves are prevented from occurring. Yet another circuit can be used to sense whether the
ultrasound transducers are connected, functional, and/or energized.

[0026] As alluded to previously, the power and control device can be relatively small, for
example, pocket/hand-held sized, and made of one or more materials that can withstand, ¢.g.,
hard use 1n environments like that experienced 1n an emergency response vehicle/scenarios 1n
which an emergency response vehicle 1s needed. For example, the power and control device
may be approximately the size of a hand-held digital multimeter, ¢.g., approximately 2 x 4 x 8
inches. Although, as described above, the battery can be rechargeable (e.g., a lithium polymer
batter), 1t should be noted that the power and control device may alternatively, or additionally,
have the ability to be operated directly from a stationary power source, such as a wall outlet.
Additionally, the power and control device can be configured such that the battery 1s easily
replaceable.

[0027] Also as previously alluded to, the power and control device may have one or more
buttons, user interfaces, etc. that can allow a user to interact with the power and control device.
Accordingly, the power and control device can have a control panel through which those various
buttons and user interfaces can be implemented and/or presented for interaction, €.g., turning the
device on/oft; verifying that the ultrasound transducers are energized when appropriate;

ascertaining how much battery life 1s left, automated adjustment of acoustic output power, and
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manual adjustment of acoustic power. Further, the power and control device may include, as
part of the control panel or separate therefrom, the aforementioned control lights indicative of,
¢.g., cavitation control and upper power limit. The power and control device can further include
on¢ or more connector receptacles. A first connector receptacle may be configured for
recharging the battery and/or operation from a wall outlet, while a second connector receptacle
may be configured to receive a cable for connecting the ultrasound transducers to the power and
control device.

[0028] A transmit signal can be generated by the power and control device using an
oscillator circuit tuned to, €.g., a nominal 200 kHz continuous sine wave. The sine wave can be
amplified to an appropriate power level, and this transmit signal can be applied to a switching

circuit that alternates transmission between two sets of leads (one per ultrasound transducer), for

example, every 100us, 1n a case where the ultrasound transducers are positioned at the temporal
bone on both sides of a patient’s head. This transmit signal can be applied to the ultrasound

transducers that have been positioned and secured to the head of the stroke patient via
aforementioned cable. The switching circuit can create, for example, a 100us on-time followed

by a 100us off-time for each ultrasound transducer, such that when one ultrasound transducer 18
in the on state, the other ultrasound transducer 1s 1n the off state. During the ultrasound
transducer on state, the ultrasound transducer can transmit ultrasound energy through the
patient’s skull. During the ultrasound transducer off state, the ultrasound transducer can receive
acoustic signals allowing 1t to be utilized as a passive cavitation detector, when ultrasound 1s
applied in conjunction with an acoustically active agent.

[0029] Additionally still, the power and control device can include, ¢.g., two switches or
actuators, although more or less switches may be included depending on need/desired level of
control of operation. A first switch may be used to turn the power and control device on, and a
second switch may be used to send the aforementioned transmit signal/voltage to the ultrasound
transducers. Moreover, an input device such as a touchpad may be used to input patient
information or further interact with the power and control device. When the ultrasound
transducers are connected, but before they are energized, an indication that the ultrasound ¢
transducer 1s connected and functional can be presented to a user. This may be a light or a

message on the touchpad, for example. When the required preliminary conditions have been met
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(¢.g., patient information, transducer functionality, etc.) then the user may energize the
ultrasound transducers, and when this 1s done, an indicator can also show this condition.

[0030] Figure 4 1llustrates an example schematic diagram of a power and control device 400
designed 1n accordance with various embodiments. The power and control device 400 may be
powered by a battery power source, such as LiPo battery pack 405. Charging of the LiPo battery
pack 405 can be performed by a direct current (DC) charging port 410. Additionally, the power
and control device can be powered from, ¢.g., a wall outlet, via the DC charging port 410. The
power and control device 400 can include a charger controller and gas gauge 415 (¢.g., a BQ
series charge controller/gas gauge) for monitoring cavitation as described in greater detail below,
as well as a power converter 420. Further still, the power and control device 400 may have a
touch screen display 425, such as an organic light emitting diode (OLED) touch screen display
through which a user may be presented with various information/interact with the power and
control device 400. As well, the power and control device 400 may include a signal generator
430, such as an arbitrary waveform generator (ARB) signal generator, a power amplifier 433,
and a voltage standing wave ratio (VSWR) power monitor 440 for the
generation/control/transmission of ultrasound as described herein. The power and control device
400 may also include one or more communications radio modules 445, which may be, ¢.g., a
Bluetooth® radio, through which the aforementioned wireless communications can be
cftectuated. To allow connection of the ultrasound transducers to the power and control device
400, a probe connector(s) 450 may also be provided on the power and control device 400.
Moreover, operation of the various functionality of the power and control device 400 described
herein can be performed by a processor 455, which may be, €.g., an ARM3 core processor, or a
combination of processors/controllers. It should be noted that more or less
clements/modules/components can be included 1n the power and control device 400 1n
accordance with desired features and/or functionality. Moreover, the various elements/modules
described herein can implemented as separate elements/modules, or combinations thercof.

[0031] As 1ndicated previously, the therapeutic approach described herein can be based on
the application of ultrasound either alone or in conjunction with an acoustically active agent,
such as microbubbles, which relies on a stable cavitation mechanism. Furthermore, the

utilization of the acoustically active agent, €.g., microbubbles, allows for the monitoring function
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described herein to be achieved. It should be noted that the term “microbubbles” can refer to an
agent designed for diagnostic purposes to enhance 1mage quality. It should be noted that as
utilized herein, the term microbubbles 1s not meant to be restricted to merely their diagnostic
application. Rather, and 1n accordance with various embodiments, the microbubble concept may
additionally be applicable to agents not primarily designed for diagnostic purposes.

[0032] That 1s, diagnostic microbubbles can refer to spheres with an average diameter of,
c.g., 2-3um. The shell structure of such spheres or microbubbles can be either a phospholipid or
human albumin, whereas the 1mside of such spheres may be filled with a perfluorocarbon gas.
The agents can be administered, 1n accordance with various embodiments intravenously, ¢.g., via
a peripheral vein, and are stabilized to pass through the lungs to enter arterial circulation. The
halt-life of such agents may be within the range of minutes.

[0033] When ultrasound waves are transmitted through a physical medium, the ultrasound
waves can compress and stretch the molecular spacing of the physical medium, such as human
tissue. Accordingly, and when a microbubble passes an ultrasound field 1t undergoes frequent
pressure changes, leading to either bubble oscillation (1.¢., stable cavitation) or bubble
destruction (1.¢., inertial cavitation). Whereas inertial cavitation might cause harm to human
tissue, specifically the endothelial layer, stable cavitation has been shown to be effective with
respect to clot lysis and improvement of tissue perfusion, stable cavitation occurs at lower
ultrasound energies.

[0034] Referring back to the control lights implemented 1n the power and control device, a
green control light can be 1lluminated when the therapeutic window has been reached, 1.¢., when
stable cavitation can be detected. As inertial cavitation can require higher energies to occur,
inertial cavitation may occur predominantly when energies might be increased beyond the
therapeutic window. In this case, a red control light can be 1lluminated.

[0035] Referring back to the ultrasound transducers utilized for transmitting ultrasound, and
to provide control over cavitation, the ultrasound transducers may be designed such that they are
capable of detecting cavitation signals whenever they are not transmitting (¢.g., in an off phase).
The ultrasound transducers can further be designed to cover a bandwidth of, ¢.g., 100 — 300 kHz
to capture a subharmonic frequency (0.5 x transmit frequency: 0.5x200kHz=100kHz), as well as

a first ultraharmonic frequency (1.5 x transmit frequency: 1.5x200kHz=300kHz). Given this
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capability, cavitation can be detected and characterized by the device as being one of stable or
inertial cavitation.

[0036] It should be noted that after the ultrasound transducers are 1n place on a patient’s
head, the intravenous infusion with microbubbles has been 1nitiated, and the preferred or optimal
acoustic output power has been chosen, 1t 1s contemplated that continuous insonation
(application of ultrasound) be started at the earliest point possible, 1.¢., after first aid has been
administered and the patient’s vital functions have been stabilized. This could be either at the
site of the emergency or during patient transport to a care facility. Furthermore, continuous
insonation may last until further in-hospital diagnostic or therapeutic procedures are provided,
the patient’s symptoms are fully resolved, the patient’s symptoms have worsened, and/or at any
given point 1n time, a care-taking physician recognizes a significant medical indication to
discontinue such treatment.

[0037] As described above, the ultrasound transducers can be positioned onto a patient’s
head via gel-pads using, ¢.g., a conductive gel, sitmilar to that utilized for atfixing ECG
clectrodes to a patient’s chest wall. The ultrasound transducers may be positioned on either side
of the patient’s head, over the temporal bone region forward of the ears, or alternatively, on the
very top of the head (vertex). The latter, alternative positioning may be preferable in certain
scenarios as this transskull pathway may have advantages due to its specific acoustic properties.
[0038] Again, 1t 18 preferred that the ultrasound transducers are designed for a single-use
application, and packaged so as to maintain sterility until use, although the ultrasound
transducers can be designed for multiple-use applications as well. The transducer/gel-pad
combination, being pliant, can conform to the shape of a patient’s head/skull, and can aid in the
transmission of the ultrasound energy/waves into a target region of the patient’s brain. The
conductive gel can have acoustic properties similar to, €.g., coupling gels used in
ultrasonography. The portion of the gel-pad that contacts the patient’s scalp may have a peel-
away strip that will expose a layer of adhesive that can help keep the ultrasound transducer 1in
place, and also aid 1n the transmission of ultrasound energy/waves by helping to eliminate
potential air pockets, for instance, due to a patient’s hair. Optionally, as previously indicated,

shaving of the ultrasound transducer application arca may be considered.
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[0039] An ultrasound transducer 1tself can be contained 1n the gel-pad portion. The
transducer can 1nclude a piezo-¢clectric element (e.g., disc-shaped), approximately 3cm 1n
diameter and 2mm thick. The piezo-¢clectric material can be a material used for medical
ultrasound, such as lead zirconate titanate (PZT), or any other suitable material. The piezo-
clectric material, also referred to as the crystal, can have both faces, but not necessarily the edge,
coated with an electricity-conducting material, which can be referred to as the electrodes of the
ultrasound transducer. The crystal may further have an insulating coating, over which a shield
layer 1s applied. Wire leads, such as lightweight and flexible cable (twisted, shielded pair) can
be attached (e.g., soldered) to the electrodes for the purpose of conducting electricity to the
crystal, and the subsequent generation of ultrasound energy. It should be noted that other
materials may be used for additional coatings as required, such as a quarter-wave matching layer
on a side of the crystal nearest the patient to aid in energy transmission, a backing layer on the
side of the crystal away from the patient, a shielding layer to prevent electro-magnetic
interference (EMI), and/or another 1nsulating coating to prevent inadvertent shocking of the
patient.

[0040] Designed for single use, as described above, the ultrasound transducers need not
require any housing material or special connectors. Rather, the ultrasound transducers can be
integrated 1nto, ¢.g., a low-profile and lightweight plastic bag that has dimensions slightly larger
than the ultrasound transducers themselves. One side of the plastic bag may contain a dispenser
for the adhesive coupling gel, and another side may have an air pocket to provide air-backing for
the ultrasound transducers. Such a package can be scaled within a disposable envelope or similar
enclosure to maintain sterility. Upon use, the disposable envelope can be opened and an
ultrasound transducer removed. An additional membrane/peel-away strip can be removed from
on¢ side of the ultrasound transducer to expose the adhesive and coupling gel, and the ultrasound
transducer may be applied to a selected arca on a patient’s head.

[0041] The ultrasound transducers can fit inside the gel-pads 1n such a way that some
thickness of gel can be maintained between the energy-emitting face of the ultrasound transducer
and the patient’s scalp. This may be accomplished for instance, by incorporating a sleeve in the
gel pad into which the ultrasound transducer can be inserted during the manufacturing process.

The clectrode leads of the ultrasound transducer can exit the gel-pad in such a way that they are
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secured against inadvertent snagging and breakage during emergency deployment. A cable can
be used to connect the electrode leads to the aforementioned power and control device.

[0042] It should be noted that in accordance with another embodiment, the ultrasound
transducers can be implemented 1n a headband, where the electrode leads can exit the gel-pad
portions of the headband, and may be incorporated into the headband material to secure against
inadvertent snagging and breakage during emergency deployment. The leads from each of the
ultrasound transducers may terminate at a convenient portion of the headband, such as the
portion positioned over the back of the head. This termination may be a connector built into the
headband, or may be a length of cable that terminates 1n a connector. Another cable, separate
from the headband, can be used to connect the headband to the power and control device.

[0043] Figure 3 1llustrates an example configuration of the ultrasound transducers and power
and control device, as well as the use thercof. Figure 3 1illustrates a power and control device
300. As previously described, the power and control device can be relatively small, battery
powered, and have wireless communication functionality, and can power and control ultrasound
transducers. Connected to the power and control device are ultrasound transducers 310 shown as
being attached to the head of a patient 320. Again, the ultrasound transducers 310 can be
connected to either side of the head of the patient 320 via a gel-pad. The ultrasound transducers,
including ultrasound transducer 310 may be connected to the power and control unit via cables
330.

[0044] The ultrasound transducers themselves may be designed to operate at a frequency of
200 kHz, or 1n a band of frequencies centered about 200 kHz. Again, the acoustic field at such
frequencies 18 not necessarily subject to distortion when passing through the skull, as 1s the case
with higher frequencies in the MHz range. As a result, the acoustic field that 1s applied to the
brain may be designed according to known physical principles with a high degree of
predictability. Additionally, the ultrasound transducers can be configured as, ¢.g., flat
unfocussed disks with a diameter between, €.g., 2 cm and 3 cm, resulting 1n a radius of, ¢.g., 1
cm and 1.5¢m, respectively.

[0045] In acoustic terms, the radius of an ultrasound transducer 1s typically represented as a.

The acoustic ficld emanating from such an ultrasound transducer 1s essentially columnar until 1t

13



CA 028729534 2014-11-06

WO 2013/170223 PCT/US2013/040664

travels a distance d, when 1t begins to spread m a conical fashion. The distance d 1s also known

as the far-field transition, and can be represented by the following equation:

2
d

J —
A

where A 1s the wavelength of the ultrasound wave. In water and body tissue at 200 kHz, A4 can be
approximately 0.75 cm. Hence, and for an ultrasound transducer with a radius of, ¢.g., 1 cm, the
distance d 1s approximately 1.3cm, and for a radius of 1.5 ¢m, the distance d 1s 3cm.

[0046] Past distance d, the acoustic energy of an ultrasound wave can spread 1n a conical
shape that 1s subtended by an angle @, the angle between the acoustic axis and one side of the

conical shape. This angle @may be calculated by the following equation:
[

6 =tan hd
\d/
[0047] It can be seen from these equations that for a given ultrasound frequency, the acoustic

beam shape 18 primarily controlled by the radius of the ultrasound transducer. Beam shape 1n

turn, can determine the peak intensity of the acoustic field. As the radius of the beam expands
according to the angle @, the beam intensity decreases as the square of the radius. The beam

intensity can also decrease with distance due to attenuation by the brain tissue. Such effects can
be a factor regarding the safety and possibility of creating standing waves (discussed 1n greater
detail below) 1n the cranial region of a patient.

[0048] The following example illustrates the design, operation and inherent safety of various
embodiments. An ultrasound transducer of radius 1.5cm has a transition distance of 3cm, which
can be the point of peak acoustic intensity, inasmuch as beyond this distance, the beam
transmitted by the ultrasound transducer becomes wider. If the acoustic output power of the
ultrasound transducer has been adjusted to produce, ¢.g., 600 mW/cm” acoustic intensity at this
point of peak acoustic intensity, at a Scm depth, the acoustic intensity can drop off to less than
300 mW/cm®, and at 6¢cm, the acoustic intensity can drop off to approximately 125 mW/cm”.
Given an average skull diameter of 16¢cm, the acoustic intensity of the beam can be on the order
of 20 mW/cm” by the time it reaches the opposite skull surface. Any standing waves generated

by reflection at the contralateral interior skull surface should be of negligible amplitude. And
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yet, the intensity of the ultrasound energy that 1s most likely to have a therapeutic effect is

contained 1n the clinically relevant depth of 30-60 cm on the 1psilateral side of the brain midline.

[0049] Further to the above, a pulse duration of between 10-10000us may be contemplated,

with a 1-50% duty cycle, at a frequency of 200 kHz (a convenient paradigm 1n another sense
because the wavelength for this frequency i1s approximately 7.5mm 1n soft tissue). A 20-cycle
burst, given, for example, a pulse duration of 100us, and a duty cycle of 50%, would be 15¢cm 1n
total length, or nearly the diameter of the average cranium from one temporal bone to the other.
If the two ultrasound transducers alternate active times, previously referred to as on-time, the
acoustic field of a first ultrasound transducer would be much diminished by the time the energy
of the second ultrasound transducer passes through, thus minimizing any likelihood of creating
standing waves. As described above, to provide this alternating activity, the power and control

device may utilize a switching circuit to switch, ¢.g., a 200 kHz CW signal from one set of

conductors to another set every 100us to create alternating 20 cycle bursts between the
ultrasound transducers. It should be noted that the same or similar considerations are applicable
in an embodiment where a single ultrasound transducer 1s utilized and positioned at the vertex of
a patient’s head.

[0050] Regarding the application of an acoustically active agent in accordance with one
embodiment, and as described above, the ultrasound transducers have the capability to recerve
acoustic signals during an off-time. Relying on stable cavitation as the underlying mechanism to
achieve the aforementioned biophysical effects, and relying on inertial cavitation used as a
control and safety measure, the ultrasound transducers may have a minimum bandwidth between
100 — 300 kHz. This range has been chosen, as also described above, to capture the subharmonic
frequency (100 kHz) as well as the ultraharmonic frequency (300kHz). The occurrence of both
frequencies indicates the presence of stable cavitation, and therefore, describes the individual
therapeutic window. The occurrence of primary inertial cavitation may be characterized by a
combination of an increased arca under the curve of the fundamental frequency (at 200 kHz) and
a raise of the noise floor. Sub and ultra-harmonic frequencies may still be present, but are not
dominant. Should inertial cavitation be detected by the ultrasound transducers, the power and
control device can be configured to automatically lower acoustic output until only stable

cavitation can be detected (1.¢., the Automated PCD Control button). Alternatively, the power

15



CA 028729534 2014-11-06

WO 2013/170223 PCT/US2013/040664

and control device can be configured to shut down instantaneously or automatically reset to 1ts
preset mode (1.€., the Manual PCD Control button).

[0051] Figure 6 1llustrates example processes performed to treat victims of stroke or stroke-
like events 1n the field in accordance with various embodiments. At 600, ultrasound energy 1s
non-invasively applied to a cranium of a patient via first and second ultrasound transducers
attached as disparate locations about the cranium of the patient. At 610, application of the
ultrasound energy 1s controlled such that the first and second ultrasound transducers alternately
apply the ultrasound energy in pulses to the cranium of the patient, wherein the non-invasive
application of the ultrasound energy occurs in the field. Optionally, at 620, the application of the
ultrasound energy can be performed 1in conjunction with intravenously administering an
acoustically active agent to the patient. For example, and as described herein, the administration
of, ¢.g., microbubbles, and stable cavitation caused by the application of ultrasound energy at
particular levels can promote lysis, restoration of arterial flow, etc.

[0052] Additionally, the design of the ultrasound transducers in accordance with various
embodiments can provide a guaranteed minimum half-life of 24 hours. For subacute/chronic
applications, the requirements for the ultrasound transducers half-life might be different in the
sense of longer term durability, assuming proper care and maintenance in a controlled
environment (€.g., hospital, rehabilitation center, or retirement home).

[0053] Regarding macrocirculation, there 1s evidence that ultrasound-induced clot lysis to
recanalize a vessel can be improved in combinational use with ultrasound microbubbles. Thus,
and 1n accordance with still another embodiment, ultrasound sequences can be built into the
power and control device for the use of microbubbles during ultrasound exposure. The
microbubble compounds used for this purpose can be standard, commercially available agents
which are primarily used for diagnostic purposes or agents which are specifically developed for
the purpose of ultrasound enhanced clot lysis.

[0054] As to microcirculation, there 1s growing evidence that ultrasound 1in combination with
microbubbles may induce the release of nitric oxide from endothelial cells, resulting 1n a
vasodilatative effect, which in turn can result in improved tissue perfusion. In accordance with

another embodiment, microcirculation techniques can be incorporated into the various
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embodiments previously described to improve the tissue perfusion through mechanical and
biochemical vasodilatation.

[0055] It should be noted that the various embodiments disclosed herem for treating stroke
victims are also applicable to other 1schemic diseases caused by embolic or thrombo-embolic
events, such as myocardial infarction (MI) or deep vein thrombosis (DVT). That 1s, the
underlying cause for all these diseases 1s the sudden occlusion of a vessel by a blood clot with
the consequence of consecutive cell death 1n the supplied areca due to lack of oxygen supply. All
of these diseases have in common, the acuity of onset and the need for a therapeutic option at the
carliest time point possible. Hence, a treatment which could be provided at the site of emergency
and/or during transport to a care facility would be advantageous. Accordingly, various
embodiments can include alternative ultrasound transducer designs, as well as ultrasound
sequences, that may be dedicated for application to other 1schemic diseases, such as MI or DVT.
Moreover, various embodiments may be utilized to address 1schemic diseases 1n almost any
organ system.

[0056] Further still, and beyond application in acute 1schemic diseases, various embodiments
disclosed herein may also be used as a long-term, recurrent treatment option, for example, 1n
patients suffering from subacute/chronic ischemic diseases. Such patients may include those
with chronic 1schemic white matter disease, patients suffering from vascular dementia or post
stroke patients. In these patient populations, various embodiments could be utilized, for
example, during hospitalization, during rehabilitation, or as a regular treatment at private homes
or 1n retirement facilities. The use of various embodiments may further be utilized 1n the context
of ncurodegenerative diseases, such as Alzheimer’s or Parkinson’s discase, following a similar
approach. That 1s, various embodiments disclosed herein are contemplated for use in the
treatment of any subacute or chronic brain-disecased patients for whom improved tissue
perfusion, the potential stimulation of stem cell proliferation, neuromodulation or the induction
of chaperone protein release could be beneficial. Various embodiments may also be utilized 1n
various neurological applications, ¢.g., the treatment of seizures or neuropsychiatric discases
(¢.g. schizophrenia, depression).

[0057] Other embodiments may include monitoring or feedback functionality at the power

and control device, for example, to establish, ¢.g., the time of vessel recanalization or
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improvement of tissue perfusion. Still other embodiments may include one or more sensing
clements 1nto the transducer/gel-pad combination, such as infrared lasers or cavitation receivers,
to monitor, €.g., the improvement of tissue perfusion during the procedure, or to prevent
exceeding safety limits by cavitation detection.

[0058] As alluded to above, the power and control device may have wireless functionality.
Such wireless functionality may encompass wireless communication between, €.g., paramedic
teams 1n the field and medical personal in a receiving care facility, where such communications
have conventionally been sparse. Still other embodiments may utilize the wireless
communication capabilitics for the transmission of real-time data from the power and control
device (e.g., data regarding/associated with the aforementioned monitoring/feedback
functionality) directly to an allocated server at the receiving care facility, or to a portable
computing device using a variety of wireless communication technologies, including for
example, but not limited to 2G (e.g., Global System for Mobile Communications (GSM), etc.),
2.5G (e.g., General Packet Radio Service (GPRS), etc.), 3G (e.g., Enhanced Data for GSM
Evolution (EDGE), Wideband Code Division Multiple Access (WDMA), CDMA2000, etc.), and
4G (e.g., LTE, WIMAX, etc.) technologies, and Bluetooth®.

[0059] Further still, the functionality disclosed herein and described as being implemented
utilizing ultrasound transducers connectable to and powered by a power and control device can
be implemented 1n existing devices, such as existing diagnostic ultrasound devices. Moreover,
recent resecarch in the field of local drug delivery involves the delivery of therapeutic agents at a
target site. In particular, certain research suggests using microbubbles as transport vehicles, and
ultrasound as a source to release these therapeutic agents at the target site. For example, certain
rescarch has been focused on the beneficial effect of oxygen carriers for tissue preservation and
neuroprotection. Accordingly, various embodiments may implement dedicated ultrasound
sequences allowing the methods and apparatuses disclosed herein for the delivery of drugs
locally, or to enhance the effect of oxygen carriers.

[0060] As described herein, various embodiments provide methods and apparatuses to
initiate stroke treatment in the field and/or during the transport of a patient to a care facility, as
well as for other diseases, and for more prolonged use, such as in rehabilitation scenarios.

Various embodiments may be adjusted, ¢.g., automatically, to an individual “therapeutic
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window” for each patient, often a crucial factor due to significant differences in skull
morphology between humans of different age, gender, and/or race. Further, various
embodiments can be utilized for ultrasound transmission in combination with the use of
acoustically active agents, such as microbubbles, where stable cavitation 1s an underlying
mechanism for both the therapeutic application as well as 1ts control.

[0061] Accordingly, the millions of patients who suffer from acute stroke-like syndromes
can be treated, worldwide, for whom therapeutic options to-date do not exist. Additionally still,
use of this approach can be incorporated into a future Standard of Care for the treatment of acute
stroke 1n the field, much like the defibrillator has become the Standard of Care for
cardioconversion. The potential for reduction 1n delays experienced in the treatment of acute
stroke 1n both rural and metropolitan arcas 1s significant, as illustrated in Figure 5. In a
metropolitan area, for example, an emergency 911 call may be received, and 10 minutes may
pass until emergency medical services (EMS) personnel arrive at the site where a patient has
experienced a stroke/stroke-like event. Application of ultrasound/ultrasound 1n conjunction with
microbubbles, for example, in accordance with various embodiments can be accomplished 1n the
field within, ¢.g., 5 minutes thereafter. Admission to a care facility may occur 10 minutes after
that. Hence, 1n this example, at least 10 minutes can be saved during which a dramatic reduction
in tissue damage can be effectuated. In a rural environment, arrival of EMS personnel may not
occur until 45 minutes after an initial emergency 911 call. Again, within 5 minutes, the
application of ultrasound alone or 1n conjunction with microbubbles can occur in accordance
with various embodiments. In such a rural scenario, admission to a care facility may not occur
for another 115 minutes thereafter. In this instance, 1t can be appreciated that 115 minutes during
which tissue damage due to stroke can be avoided through the utilization of various
embodiments.

[0062] The various diagrams illustrating various embodiments may depict an example
architectural or other configuration for the various embodiments, which 1s done to aid in
understanding the features and functionality that can be included in those embodiments. The
present disclosure 18 not restricted to the illustrated example architectures or configurations, but
the desired features can be implemented using a variety of alternative architectures and

configurations. Indeed, it will be apparent to one of skill in the art how alternative functional,
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logical or physical partitioning and configurations can be implemented to implement various
embodiments. Also, a multitude of different constituent module names other than those depicted
herein can be applied to the various partitions. Additionally, with regard to flow diagrames,
operational descriptions and method claims, the order in which the steps are presented herein
shall not mandate that various embodiments be implemented to perform the recited functionality
in the same order unless the context dictates otherwise.

[0063] It should be understood that the various features, aspects and/or functionality
described in one or more of the individual embodiments are not limited in their applicability to
the particular embodiment with which they are described, but instead can be applied, alone or in
various combinations, to one or more of the other embodiments, whether or not such
embodiments are described and whether or not such features, aspects and/or functionality 1S
presented as being a part of a described embodiment. Thus, the breadth and scope of the present
disclosure should not be limited by any of the above-described exemplary embodiments.

[0064] Terms and phrases used 1n this document, and variations thercof, unless otherwise
expressly stated, should be construed as open ended as opposed to limiting. As examples of the
foregoing: the term “including” should be read as meaning “including, without limitation™ or the
like; the term “example” 1s used to provide exemplary instances of the item in discussion, not an

e 29

exhaustive or limiting list thereof; the terms “a’ or “an” should be read as meaning “at Ieast
one,” “one or more” or the like; and adjectives such as “‘conventional,” “traditional,” “normal,”
“standard,” “known’ and terms of similar meaning should not be construed as limiting the 1tem
described to a given time period or to an item available as of a given time, but instead should be
read to encompass conventional, traditional, normal, or standard technologies that may be
available or known now or at any time 1n the future. Likewise, where this document refers to
technologies that would be apparent or known to one of ordinary skill in the art, such
technologies encompass those apparent or known to the skilled artisan now or at any time 1n the
future.

[0065] Additionally, the various embodiments set forth herein are described in terms of
exemplary block diagrams, flow charts and other illustrations. As will become apparent to one

of ordinary skill in the art after reading this document, the 1llustrated embodiments and their

various alternatives can be implemented without confinement to the illustrated examples. For
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example, block diagrams and their accompanying description should not be construed as
mandating a particular architecture or configuration.

[0066] Moreover, various embodiments described herein may be described in the general
context of method steps or processes, which may be implemented 1n one embodiment by a
computer program product, embodied 1n, ¢.g., a non-transitory computer-readable memory,
including computer-executable instructions, such as program code, executed by computers in
networked environments. A computer-readable memory may include removable and non-
removable storage devices including, but not limited to, Read Only Memory (ROM), Random
Access Memory (RAM), compact discs (CDs), digital versatile discs (DVD), etc. Generally,
program modules may include routines, programs, objects, components, data structures, etc. that
perform particular tasks or implement particular abstract data types. Computer-executable
instructions, associated data structures, and program modules represent examples of program
code for executing steps of the methods disclosed herein. The particular sequence of such
executable mstructions or associated data structures represents examples of corresponding acts
for implementing the functions described 1n such steps or processes.

[0067] As used herein, the term module can describe a given unit of functionality that can be
performed m accordance with one or more embodiments. As used herein, a module might be
implemented utilizing any form of hardware, software, or a combination thercof. For example,
on¢ or more processors, controllers, ASICs, PLAs, PALs, CPLDs, FPGAs, logical components,
software routines or other mechanisms might be implemented to make up a module. In
implementation, the various modules described herein might be implemented as discrete modules
or the functions and features described can be shared in part or 1n total among one or more
modules. In other words, as would be apparent to one of ordinary skill in the art after reading
this description, the various features and functionality described herein may be implemented in
any given application and can be implemented 1n one or more separate or shared modules 1n
various combinations and permutations. Even though various features or elements of
functionality may be individually described or claimed as separate modules, one of ordinary skill
in the art will understand that these features and functionality can be shared among one or more
common software and hardware elements, and such description shall not require or imply that

separate hardware or software components are used to implement such features or functionality.
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Where components or modules of the invention are implemented in whole or in part using
software, 1n one embodiment, these software elements can be implemented to operate with a
computing or processing module capable of carrying out the functionality described with respect
thereto. The presence of broadening words and phrases such as “one or more,” “at least,” “but
not limited to” or other like phrases 1n some nstances shall not be read to mean that the narrower

case 18 intended or required 1n mstances where such broadening phrases may be absent.
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WHAT IS CLAIMED IS

1. A method, comprising:
non-invasively applying ultrasound energy to a cranium of a patient via first and second
ultrasound transducers attached at disparate locations about the cranium of the patient; and
controlling application of the ultrasound energy such that the first and second ultrasound
transducers alternately apply the ultrasound energy 1n pulses to the cranium of the patient,

wherein the non-invasive application of the ultrasound energy occurs 1n the field.

2. The method of claim 1, wherem the non-invasive application of the ultrasound energy

occurs 1n the field and prior to arrival of the patient at a care facility.

3. The method of claim 1, wherein the disparate locations about the cranium of the patient

comprise temporal bone regions forward of the ears of the patient.

+. The method of claim 1 further comprising, intravenously administering an acoustically

active agent to the patient.

3. The method of claim 4, wherein the acoustically active agent comprises microbubbles.

0. The method of claim 4 further comprising, exciting the acoustically active agent by the
ultrasound energy to cause stable cavitation, and detecting a state of inertial cavitation of the
acoustically active agent as an indication that the application of the ultrasound energy has

exceeded a level commensurate with a therapeutic window.

7. The method of claim 6, wherein the controlling of the application of the ultrasound
energy comprises controlling an output power of the ultrasound energy such that stable
cavitation 1s maintained, the stable cavitation triggering a plurality of biophysical effects in the

patient.
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8. The method of claim 7, wherein the controlling of the output power of the ultrasound

energy 1s performed either automatically or manually.

9. The method of claim 8 further comprising, performing the automatic control of the output

power of the ultrasound energy 1in accordance with at least one of patient-specific characteristics

10.  The method of claim 9, wherein the at least one of the patient-specific characteristics

comprises age, gender, race, skull bone characteristics, and morphology.

11.  The method of claim 6 further comprising, reducing an output power of the ultrasound

energy upon the acoustically active agent reaching the state of inertial cavitation.

12.  The method of claim 1 further comprising, performing the non-invasive application of the
ultrasound energy and the controlling of the application of the ultrasound energy to counteract
cttects of at Ieast one of, myocardial infarction, deep vein thrombosis, and a cercbrovascular

accldent due to 1schemia.

13. The method of claim 1, wherein each of the first and second ultrasound transducers are
connected via cables to a portable, battery-operated power and control device, and wherein the
first and second ultrasound transducers comprise one of single-use ultrasound transducers and

multiple-use ultrasound transducers.

14 The method of claim 13, wherein the single-use ultrasound transducers comprise disk-

shaped piezo-¢clectric elements.

15.  The method of claim 13, wherein the single-use ultrasound transducers operate at either a
frequency of 200 kHz or 1in a band of frequencies centered about 200 kHz, and wherein the

single-use ultrasound transducers receive acoustic signals i a minimum bandwidth between 100

to 300 kHz.
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16.  An apparatus, comprising:

a first ultrasound transducer element;

a second ultrasound transducer element; and

a power and control module, the power and control module being portable and battery-
operated, and generating ultrasound energy to be transmitted 1n an alternating and pulsed fashion

by the first and second ultrasound transducer elements, noninvasively, to the skull of a patient.

17.  The apparatus of claim 16, wherein the power and control module further comprises
circultry for the generation of the ultrasound energy at an acoustic output power level and
frequency to cause at least one of stable cavitation and inertial cavitation of an acoustically

active agent.

18.  The apparatus of claim 16, wherein the first and second ultrasound transducer elements
comprise disk-shaped piezo-clectric elements operative at either a frequency of 200 kHz or in a

band of frequencies centered about 200kHz.

19.  The apparatus of claim 18, wherein each of the disk-shaped piezo-clectric elements have

a diameter ranging from 2 to 3 ¢cm, a radius ranging from 1 to 1.5¢m, and a thickness of 2mm.

20.  The apparatus of claim 18, wherein two faces of each of the disk-shaped piezo-electric
clements are coated with an electricity-conducting material comprising electrodes of each of the

first and second ultrasound transducer elements.

21.  The apparatus of claim 20, wherein the two faces of each of the disk-shaped piezo-
clectric elements are coated with at least one of a quarter-wave matching layer on a side facing
the patient to aid m energy transmission, a backing layer on a side facing away from the patient,
a shielding layer preventing electro-magnetic interference, and an insulating coating preventing

inadvertent shock to the patient.

25



CA 028729534 2014-11-06

WO 2013/170223 PCT/US2013/040664

22.  The apparatus of claim 16, wherein each of the first and second ultrasound transducer

clements comprise flat, unfocused disks.

23.  The apparatus of claim 16, wherein each of the first and second ultrasound transducer

clements are driven by the power and control module with a pulse duration between 10 to 1000

us and a duty cycle between 1 to 50%.

24.  The apparatus of claim 16, wherein each of the first and second ultrasound transducer
clements receive acoustic signals from within the skull of the patient to detect whether a
response of the acoustically active agent administered to the patient 1s stable cavitation or inertial

cavitation.

25.  The apparatus of claim 16, wherein each of the first and second ultrasound transducer

clements 18 operative within a mimnimum bandwidth 1n the range of 100 to 300 kHz.

26.  The apparatus of claim 16, wherein each of the first and second ultrasound transducer

clements are configured to capture a subharmonic frequency and a first ultraharmonic frequency.

27.  The apparatus of claim 26, wherein the subharmonic frequency 1s 100 kHz and the

ultraharmonic frequency 1s 300 kHz.

28.  The apparatus of claim 16, wherein each of the first and second ultrasound transducer
clements are designed for single-use application and packaged so as to maintain sterility until

used.

29.  The apparatus of claim 16, wherein each of the first and second ultrasound transducer
clements are contained 1n a gel-pad portion, the gel-pad portion being pliant to conform to the
shape of the skull of the patient, and aiding 1n transmission of the ultrasound energy into a target

region of the brain of the patient.
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30.  The apparatus of claim 29, wherein a section of the gel-pad portion contacting the scalp
of the patient comprises a pecl-away strip configured to expose a layer of adhesive to maintain

cach of the first and second ultrasound transducer elements 1n place.

31.  The apparatus of claim 16, where cach of the first and second ultrasound transducer

clements have a minimum half-life of twenty-four hours.

32.  The apparatus of claim 1, wherein the power and control module comprises a switching
circuit in which a 200 kHz continuous wave signal 1s switched from one set of conductors to
another set of conductors at predefined timepoints to create alternating bursts from the first and

second ultrasound transducer elements.

33.  The apparatus of claim 32, wherein the predefined timepoints occur at every 100us.

34.  The apparatus of claim 32, wherein a transmit signal 1s generated using an oscillation

circult tuned to a nominal 200 kHz continuous sine wave.

35.  The apparatus of claim 34, wherein the 200 kHz continuous sine wave 1s amplified to an

appropriate power level, and applied to the switching circuit.
36.  The apparatus of claim 32, wherein the switching circuit creates an on time followed by
an off time for each of the first and second ultrasound transducer elements, such that when one of

the first and second ultrasound transducer elements is in an on state, the other of the first and

second ultrasound transducer elements 1s 1n an oft state.

37.  The apparatus of claim 36, wherein the on and off times comprise 100us periods.

38.  The apparatus of claim 36, wherein the one of the first and second ultrasound transducer

clements 1n the on state transmits the ultrasound energy through the skull of the patient, and the
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other of the first and second ultrasound transducer elements in the oft state receives acoustic

signals and 1s utilized as a passive cavitation detector.
39.  The apparatus of claim 16 further comprising, two cables, each of which operatively
connect each of the first and second ultrasound transducer elements to the power and control

module.

40.  The apparatus of claim 16, wherein the power and control module further comprises a

control display for displaying visual information to a user of the apparatus.

41.  The apparatus of claim 16, wherein the power and control module 1s configured to verify

that each of the first and second ultrasound transducers are energized.

42.  The apparatus of claim 16, wherein the power and control module 1s configured to allow

for automated adjustment of acoustic output power of the ultrasound energy.

43.  The apparatus of claim 16, wherein the power and control module 1s configured to allow

for manual adjustment of acoustic output power of the ultrasound energy.

44.  The apparatus of claim 16, wherein the power and control module comprises three lights

for indicating cavitation control and an upper power limit of the ultrasound energy.
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Non-invasively applyving ulfrasound energy o a cranium of g patient
via first and second ultrasound transducers atiached at disparaie
iocations about the cranium of the patient

o100

Controling apphcation of the ultrasound energy such that the first and
second ullrasound transducers alternately apply the ullrasound
energy in puises to the cramum of the patient, wherein the non-
invasive appiication of the ulfrasound energy occurs in the fiald

510

I

intravenousily administiening an acoustically active agent 1o the patient
in conjunclion with the application of the ulirasound energy '
&2y
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