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(57) ABSTRACT

This disclosure describes devices, systems, and methods
related to therapeutic ultrasound. An exemplary system
includes a transducer configured to emit therapy ultrasound
waves towards a therapy site and an ultrasound imaging
device configured to emit plane wave ultrasound waves
towards the therapy site. The system further includes a
controller coupled to the transducer and the ultrasound
imaging device. The controller is configured to send an
activation signal to the transducer and send an activation

Int. CL signal to the ultrasound imaging device. The controller is
AGIN 7/00 (2006.01) further configured to receive image data from the ultrasound
A61B 8/14 (2006.01) imaging device and generate bubble cloud image data based
A6IB 8/08 (2006.01) on the received image data.
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APPARATUS, SYSTEM, AND METHOD FOR
MECHANICAL ABLATION WITH
THERAPEUTIC ULTRASOUND

RELATED APPLICATIONS

[0001] This application claims priority to and the benefit
of U.S. Provisional Patent Application No. 62/814,570,
entitled “Apparatus, System, And Method For Mechanical
Ablation With Therapeutic Ultrasound” and filed on Mar. 6,
2019.

GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with government support
under grant number RO1 HL133334 awarded by the
National Institutes of Health. The government has certain
rights in the invention.

TECHNICAL FIELD

[0003] Aspects of the present disclosure relate generally to
therapeutic ultrasound, such as histotripsy, and more spe-
cifically, but not by way of limitation, to therapeutic ultra-
sound bubble cloud control.

BACKGROUND

[0004] Focused ultrasound therapies are a noninvasive
means to ablate tissue. Histotripsy is an ablative form of
therapeutic ultrasound under development for the treatment
of several pathological conditions, such as symptoms of
benign prostatic hyperplasia (symptoms from an enlarged
prostate). Histotripsy is a focused ultrasound therapy that
utilizes short ultrasound pulses with sufficient tension to
nucleate (e.g., grow) bubble clouds that impart strain to the
surrounding tissues. Tissue is not damaged directly by the
acoustic field of ultrasound therapy, but through the forma-
tion and mechanical activity of the bubble clouds generated
within a focal region of the ultrasound waves. Once bubble
activity is above a threshold, target tissue is liquefied.
[0005] Histotripsy treatment efficacy is dependent on suf-
ficient bubble activity throughout the focal zone. Tracking
the mechanical activity of the bubble clouds is used for
assessing treatment efficacy. Thus, image guidance tech-
niques focus on quantifying the degree of bubble activity.
This is typically done through the visualization of hyper-
echoic bubble clouds on B-mode images or diffusion-
weighted MR sequences, or spatially mapping acoustic
emissions with passive cavitation imaging.

[0006] Additionally, bubble clouds, such as residual
bubble clouds, that persist during the application of ablative
forms of focused ultrasound reduce the treatment efficacy.
Some other treatment methods use pulses (“coalescing
pulses”) to coalesce residual bubbles (i.e., join two bubbles
to make one larger bubble or two conjoined bubbles),
causing a portion of the residual bubbles to float out of the
focal plane of the therapeutic ultrasound field by the increase
in buoyancy. While such methods are sufficient for fluid-
based applications and removing residual bubbles from
bubble clouds between a fluid and tissue, the solid structure
of soft tissue mitigates buoyancy forces within tissue. Thus,
such coalescing pulses are not suitable for removing residual
bubble from bubble clouds within tissue.

[0007] Furthermore, such coalescing pulses of prior
bubble modulation methods cannot be utilized in conjunc-
tion with diagnostic ultrasound imaging to assess the pres-
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ence of the residual bubble clouds at the fluid tissue inter-
face. To illustrate, the coalescing pulses prevent or interfere
with pulses of diagnostic ultrasound imaging such that the
presence of the residual bubble cloud cannot be acquired
during the application of the pulses of due to constructive
interference between the imaging ultrasound pulses and the
bubble coalescing pulses. Thus, with current methods real-
time feedback and bubble modulation or control cannot be
performed at the same time. Therefore, real-time feedback
of the efficacy of bubble modulation (e.g., bubble deletion)
is not possible with current methods.

[0008] Accordingly, to assess efficacy of the above bubble
modulation methods intermittent assessment of the presence
of residual bubbles is performed between therapy sessions.
To illustrate, the therapy system stops applying the pulses
used to coalesce bubbles to image the bubble cloud with
conventional diagnostic ultrasound. Additionally, because
no bubble modulation is being applied during ultrasound
imaging, therapeutic ultrasound may also be stopped or
reduced otherwise the bubble cloud may grow or persist and
interfere with treatment.

[0009] Therefore, conventional methods are not able to
modulate bubble clouds in tissue. Additionally, conventional
methods are not able to perform real-time monitoring of
bubble clouds while or in conjunction with bubble modu-
lation methods such that an efficacy of treatment, bubble
control/modulation, or both can be assessed and/or adjusted
during treatment.

SUMMARY

[0010] This disclosure describes devices, systems, and
methods related to therapeutic ultrasound with in tissue
bubble cloud control, referred to as bubble cloud modula-
tion. An exemplary therapeutic ultrasound system (e.g.,
histotripsy system) may include a transducer (e.g., histo-
tripsy transducer), an ultrasound imaging device (e.g., plane
wave B-mode ultrasound imaging device), and a controller.
B-mode corresponds to brightness modulation or modulated
ultrasound methods. Application of plane wave ultrasound
causes the bubbles from bubble clouds within the tissue to
diffuse gas from the bubble into tissue, rather than coalesce,
and enables bubble cloud modulation or control within the
tissue, and the plane wave ultrasound can simultaneously be
used to produce ultrasound images. Thus, the devices,
systems, and methods described herein can modulate bubble
clouds within tissue. Additionally, the devices, systems, and
methods described herein are able to perform real-time (e.g.,
during treatment) monitoring of bubble clouds and the
efficacy of the bubble control/modulation. Accordingly, an
efficacy of treatment, bubble control/modulation, or both,
can be assessed and/or adjusted during treatment, which
improves treatment efficacy and patient outcomes.

[0011] Additionally, plane wave ultrasound (e.g., plane
wave B-mode ultrasound) utilizes a plurality or all elements
of the imaging device in parallel for image acquisition,
capturing the bubble cloud at a single instance in time. The
short acquisition time, as compared to standard B-mode
imaging, allows analysis of the bubble cloud at frame rates
in excess of 10 kHz. Standard B-mode imaging sequences
require several milliseconds to execute, and the bubble
cloud may undergo significant changes over the course of
image acquisition.

[0012] While plane wave imaging may not track volumet-
ric oscillations of bubbles at therapeutically relevant fre-
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quencies, it is sufficient to assess passive dissolution of
bubble clouds to determine efficacy of bubble modulation. In
addition to monitoring bubble hyperechogenicity, high
acoustic output pulses from plane wave B-mode sequences
can destroy bubble nuclei present in the imaging plane and
mitigate residual bubble clouds.

[0013] An exemplary sequence for applying therapy
pulses and imaging/modulation pulses may include inter-
leaving the therapy pulses and the imaging/modulation
pulses such that the imaging/modulation pulses do not
constructively interfere with therapy pulses. In some imple-
mentations, two different imaging/modulation pulses are
applied after a therapy pulse. In a particular example, a
relatively higher frequency imaging/modulation pulse is
applied first and a relatively lower frequency imaging/
modulation pulse is applied second. Such a configuration
may enable the system to image tissue more quickly after a
therapy pulse.

[0014] In some implementations, the system includes a
controller to adjust the imaging device. Adjusting the imag-
ing device, whose signal also modulate the residual bubble
clouds, can enable the system to perform real-time, i.e.,
during treatment, adjustments to the plane wave ultrasound
pulses used for imaging and for bubble modulation. Accord-
ingly, reduced bubble clouds increases treatment uniformity
and efficacy, and thus increases patient outcomes.

[0015] Additionally, or alternatively, the controller adjusts
the transducer or a signal provided to the transducer. Adjust-
ing the transducer, whose signal generates the bubble clouds
and activates the bubble clouds to ablate tissue, can enable
the system to perform real-time, i.e., during treatment,
adjustments to the treatment pulses used for forming bubble
clouds and ablating tissue with the bubble clouds. Accord-
ingly, the bubble clouds can be controlled during treatment
and the interaction of the bubble cloud and tissue can be
controlled to increase treatment uniformity and efficacy, and
thus increase patient outcomes.

[0016] Therefore, the devices, systems, and methods
described herein able to perform real-time (e.g., during
treatment) monitoring of in-tissue bubble clouds and the
efficacy of in-tissue bubble control/modulation. As com-
pared to prior methods which use ultrasound imaging, the
plane wave B-mode imaging described herein is faster and
can produce an image which captures residual bubble clouds
in tissue. Additionally, the plane wave B-mode imaging
pulses are configured to cause bubbles to diffuse into tissue,
as compared to prior art pulses configured to coalesce
bubbles on a fluid/tissue interface to remove the bubbles
through buoyancy (i.e., floating to a surface of the fluid and
away from the fluid/tissue interface). Thus, an efficacy of
treatment, bubble control/modulation, or both, can be
assessed and/or adjusted during treatment. Accordingly, the
devices, systems, and methods described herein enable
improved treatment efficacy and patient outcomes.

[0017] As used herein, various terminology is for the
purpose of describing particular implementations only and is
not intended to be limiting of implementations. For example,
as used herein, an ordinal term (e.g., “first,” “second,”
“third,” etc.) used to modify an element, such as a structure,
a component, an operation, etc., does not by itself indicate
any priority or order of the element with respect to another
element, but rather merely distinguishes the element from
another element having a same name (but for use of the
ordinal term). The term “coupled” is defined as connected,
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although not necessarily directly, and not necessarily
mechanically. Additionally, two items that are “coupled”
may be unitary with each other. To illustrate, components
may be coupled by virtue of physical proximity, being
integral to a single structure, or being formed from the same
piece of material. Coupling may also include mechanical,
thermal, electrical, communicational (e.g., wired or wire-
less), or chemical coupling (such as a chemical bond) in
some contexts.

[0018] The terms “a” and “an” are defined as one or more
unless this disclosure explicitly requires otherwise. The term
“substantially” is defined as largely but not necessarily
wholly what is specified (and includes what is specified; e.g.,
substantially 90 degrees includes 90 degrees and substan-
tially parallel includes parallel), as understood by a person
of'ordinary skill in the art. As used herein, the term “approxi-
mately” may be substituted with “within 10 percent of” what
is specified. Additionally, the term “substantially” may be
substituted with “within [a percentage] of” what is specified,
where the percentage includes 0.1, 1, or 5 percent; or may
be understood to mean with a design, manufacture, or
measurement tolerance. The phrase “and/or” means and or.
To illustrate, A, B, and/or C includes: A alone, B alone, C
alone, a combination of A and B, a combination of A and C,
a combination of B and C, or a combination of A, B, and C.
In other words, “and/or” operates as an inclusive or.

[0019] The terms “comprise” (and any form of comprise,
such as “comprises” and “comprising”), “have” (and any
form of have, such as “has” and “having”), and “include”
(and any form of include, such as “includes” and “includ-
ing”). As a result, an apparatus that “comprises,” “has,” or
“includes” one or more elements possesses those one or
more elements, but is not limited to possessing only those
one or more elements. [ikewise, a method that “comprises,”
“has,” or “includes” one or more steps possesses those one
or more steps, but is not limited to possessing only those one
or more steps.

[0020] Any aspect of any of the systems, methods, and
article of manufacture can consist of or consist essentially
of—rather than comprise/have/include—any of the
described steps, elements, and/or features. Thus, in any of
the claims, the term “consisting of” or “consisting essen-
tially of” can be substituted for any of the open-ended
linking verbs recited above, in order to change the scope of
a given claim from what it would otherwise be using the
open-ended linking verb. Additionally, it will be understood
that the term “wherein” may be used interchangeably with
“where.”

[0021] Further, a device or system that is configured in a
certain way is configured in at least that way, but it can also
be configured in other ways than those specifically
described. The feature or features of one embodiment may
be applied to other embodiments, even though not described
or illustrated, unless expressly prohibited by this disclosure
or the nature of the embodiments.

[0022] Some details associated with the aspects of the
present disclosure are described above, and others are
described below. Other implementations, advantages, and
features of the present disclosure will become apparent after
review of the entire application, including the following
sections: Brief Description of the Drawings, Detailed
Description, and the Claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] A further understanding of the nature and advan-
tages of the present disclosure may be realized by reference
to the following drawings. The following drawings illustrate
by way of example and not limitation. For the sake of brevity
and clarity, every feature of a given structure is not always
labeled in every figure in which that structure appears.
Identical reference numbers do not necessarily indicate an
identical structure. Rather, the same reference number may
be used to indicate a similar feature or a feature with similar
functionality, as may non-identical reference numbers.

[0024] FIG. 1 is a block diagram of an example of a
therapy system;
[0025] FIG. 2 is a timing diagram of an example of

operation of a therapy system;
[0026] FIG. 3 is a timing diagram of another example of
operation of a therapy system;

[0027] FIG. 4A is a side view of an example of a therapy
system,
[0028] FIGS. 4B-4D are each a diagram illustrating an

exemplary pulse scheme for plane wave imaging pulses;
[0029] FIG. 5 is a flowchart illustrating an example of a
method of operation of a therapy system;

[0030] FIG. 6 is a flowchart illustrating an example of a
method of operation of a controller of the therapy system;
[0031] FIG. 7 is a flowchart illustrating an example of
another method of operation of a therapy device of the
therapy system;

[0032] FIG. 8 is a flowchart illustrating an example of a
method of operation of an imaging device of the therapy
system,

[0033] FIG. 9A is a side view of experimental set up for
histotripsy bubble cloud generation in the tissue mimicking
phantom;

[0034] FIG. 9B is an exemplary timing diagram for the
acquisition of high frame rate plane wave B-mode images
following the histotripsy focal insonation;

[0035] FIG. 9C is an exemplary diagram illustrating pres-
sure during histotripsy focal insonation;

[0036] FIG. 9D is another exemplary diagram illustrating
pressure during histotripsy focal insonation;

[0037] FIG. 10A is an image depicting a plane wave image
of'a bubble cloud acquired with the setup of FIG. 9A and the
plane wave imaging sequence of FIG. 9B;

[0038] FIG. 10B is an image depicting a Binarized plane
wave image of the image of FIG. 10A;

[0039] FIG. 11 is a series of images of histotripsy-induced
bubble clouds at various times during particular cycles;
[0040] FIG. 12 is a series of diagrams illustrating azi-
muthal positions of bubble cloud as a function of time for
different duration histotripsy pulses;

[0041] FIG. 13 is a series of diagrams illustrating bubble
cloud area as a function of time for different duration
histotripsy pulses;

[0042] FIG. 14 is a series of diagrams illustrating bubble
cloud grayscale values as a function of time for different
peak negative pressure histotripsy pulses;

[0043] FIG. 15 is a diagram illustrating computed com-
plete bubble cloud dissolution time as a function of the
histotripsy insonation parameters;

[0044] FIG. 16 is a series of diagrams illustrating normal-
ized bubble cloud grayscale values as a function of time for
different peak negative pressure histotripsy pulses;
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[0045] FIG. 17A is a diagram illustrating complete bubble
cloud dissolution time as a function of peak negative pres-
sure of the plane wave imaging pulse;

[0046] FIG. 17B is a diagram illustrating a fitting param-
eter of bubble cloud dissolution calculations as a function of
peak negative pressure of the plane wave imaging pulse;
[0047] FIG. 18 is a diagram illustrating comparisons of
numerical results and analytically predicted values of dif-
fusion-dependent equilibrium bubble diameter as a function
of the histotripsy pulse duration;

[0048] FIG. 19A is a diagram illustrating an analytic
prediction of diffusion-dependent equilibrium diameter for
insonation conditions;

[0049] FIG. 19B is a diagram illustrating an analytic
prediction of passive bubble dissolution time based on
insonation condition-dependent bubble equilibrium bubble
diameter;

[0050] FIG. 20 is a timing diagram of another example of
operation of a therapy system;

[0051] FIG. 21 is a side view of another example of a
therapy system;
[0052] FIG. 22 is a diagram illustrating images of bubble

clouds captured by multiple imaging schemes;

[0053] FIG. 23 is a diagram illustrating bubble cloud
dissolution as a function of time for multiple imaging
voltages; and

[0054] FIG. 24 is a diagram illustrating bubble cloud
dissolution time for a 50 percent reduction for multiple
imaging schemes.

DETAILED DESCRIPTION

[0055] FIG. 1 illustrates a block diagram of an example of
atherapy system 100 (referred to herein as “system 100”) for
providing therapeutic ultrasound or histotripsy therapy and
bubble cloud modulation or control. System 100 includes a
controller 110 (e.g., a computer), a transducer 112, and an
ultrasound imaging device 114 (e.g., a plane wave B-mode
ultrasound device). System 100 is configured to provide
therapeutic ultrasound or histotripsy therapy to tissue 118,
such as ablate a portion of tissue 118. One exemplary tissue
that can be ablated by system 100 is prostate tissue. Another
exemplary use for system 100 is ablation of a thrombus (aka
a blood clot) within tissue 118. The thrombus may be in
veins, arteries, or superficial (i.e., underneath skin). To
illustrate, controller 110 may send activation signals 192
(e.g., trigger signals or clock pulses) to transducer 112 to
provide and adjust histotripsy therapy to tissue 118. One
such exemplary use of system 100 is as real-time feedback
control of histotripsy therapy.

[0056] As illustrated in FIG. 1, the controller 110 includes
a processor 122, a memory 124, a monitor 126, input/output
(I/0) interfaces 128, input devices 130, and a network
interface 132. The controller 110 is configured to control
devices of system 100, such as the transducer 112 and the
ultrasound imaging device 114. For example, the controller
110 sends signals to devices of system 100 to cause activa-
tion of and/or control of the device or a component thereof,
as explained further herein.

[0057] The processor 122 is configured to execute instruc-
tions and is coupled to the memory 124. In some imple-
mentations, processor 122 may include or correspond to a
microcontroller/microprocessor, a central processing unit
(CPU), a field-programmable gate array (FPGA) device, an
application-specific integrated circuits (ASIC), another
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hardware device, a firmware device, or any combination
thereof. The processor 122 may be configured to execute
instructions to initiate or perform one or more operations
described with reference to FIGS. 1-4A, and/or one more
operations of the methods of FIGS. 5-8.

[0058] The memory 124, such as a non-transitory com-
puter-readable storage medium, may include volatile
memory devices (e.g., random access memory (RAM)
devices), nonvolatile memory devices (e.g., read-only
memory (ROM) devices, programmable read-only memory,
and flash memory), or both. The memory 124 is configured
to store instructions that when executed by the processor
122, cause the processor 122 to perform the operations
described herein. For example, the processor 122 may
perform operations as described with reference to FIGS.
1-4A and the methods of FIGS. 5-8. The memory 124 may
be further configured to store data, such as data used to
adjust operation of the transducer 112 and the ultrasound
imaging device 114.

[0059] As illustrated in FIG. 1, the memory 124 is con-
figured to store histotripsy therapy parameters 142, imaging
parameters 144, thresholds 146, bubble cloud image pro-
cessing data 148, bubble cloud deletion calculation data 150,
or a combination thereof. The histotripsy therapy parameters
142 include data defining parameters or variables of the
ultrasonic sound waves used in providing therapy. As illus-
trative, non-limiting examples, the histotripsy therapy
parameters 142 include frequency parameters, pulse length/
duration parameters, exposure time parameters, intensity
parameters, focus area parameters, etc. The intensity param-
eters may include or correspond to a negative pressure, a
peak negative pressure, a focal peak negative pressure, a
positive pressure, a peak positive pressure, and a focal peak
positive pressure. The intensity parameters may be original
(i.e., output) or derated (i.e., attenuated). Derated parameters
have a factor applied to the original acoustic output param-
eters intended to account for ultrasonic attenuation of tissue
118 between the source and a particular location in the tissue
118, i.e., a therapy site.

[0060] The imaging parameters 144 includes data defining
parameters or variables of the ultrasonic sound waves used
in imaging and/or bubble modulation. As illustrative, non-
limiting examples, the imaging parameters 144 include
frequency parameters, pulse length/duration parameters,
exposure time parameters, intensity parameters, focus area
parameters, etc.

[0061] The thresholds 146 include data indicating thresh-
olds for histotripsy therapy, imaging, bubble modulation, or
a combination thereof. As illustrative, non-limiting
examples, the thresholds 146 include thresholds for histo-
tripsy therapy parameters, thresholds for imaging param-
eters, bubble size thresholds, bubble cloud deletion rate
thresholds.

[0062] The bubble cloud image processing data 148
includes instructions, such as a program or an application,
configured to process raw image data or binarized image
data. For example, the bubble cloud image processing data
148 receives sensor data from imaging device 114, such as
data representing intensity values of backscatter signal, and
produces an image (ultrasonic image) based on the data. The
image may be in grayscale. As another example, the bubble
cloud image processing data 148 receives a grayscale image
(e.g., FIG. 10A) from imaging device 114 and generates a
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B-mode (brightness modulated) image (e.g., FIG. 10B)
based on the grayscale image.

[0063] The bubble cloud deletion calculation data 150
includes instructions, such as a program or an application,
configured to analyze raw image data or binarized image
data to generate bubble cloud deletion parameters, such as
bubble cloud movement, bubble cloud reduction in size,
bubble deletion rate, bubble size, etc.

[0064] The controller 110 may include or correspond to an
electronic device, such as a communications device, a
mobile phone, a cellular phone, a satellite phone, a com-
puter, a server, a tablet, a portable computer, a display
device, a media player, or a desktop computer. Additionally,
or alternatively, the controller 110 may include any other
device that includes a processor or that stores or retrieves
data or computer instructions, or a combination thereof. In
some implementations, the controller 110 includes a graph-
ics processor, such as a dedicated graphics card or graphics
processing unit (GPU).

[0065] The monitor 126 is configured to display informa-
tion from components of the system, such as information
from the transducer 112 and/or the imaging device 114. The
monitor 126 may display image data, bubble cloud data,
bubble cloud deletion rate data, adjustment instruction data,
etc.

[0066] The I/O interface 128 includes or corresponds to an
interface and bus for receiving and sending data to local
devices and other local computers. For example, the /O
interface 128 may include or correspond to a Universal
Serial Bus (USB) interface.

[0067] The one or more input devices 130 may include a
mouse, a keyboard, a joystick, a display device, other input
devices, or a combination thereof, and may be coupled to the
controller 110 via the I/O interface 128. In some implemen-
tations, the controller 110 (e.g., processor 122) generates and
sends trigger pulses or adjustment commands responsive to
receiving one or more user inputs from the one or more input
devices 130 via the I/O interface 128.

[0068] The network interface 132 includes or corresponds
to a networking interface and bus for receiving and sending
data to other computers or devices over a network, such a
local area network. For example, network interface 132 may
include a transmitter, a receiver, or a combination thereof
(e.g., a transceiver), and may enable wired communication,
wireless communication, or a combination thereof, with the
transducer 112, the imaging device 114, or both. Alterna-
tively, the controller 110 communicates with the transducer
112, the imaging device 114, or both, via the /O interface
128.

[0069] The controller 110 is configured to send activation
signals 192 (e.g., trigger signals or clock pulses) to the
transducer 112, the imaging device 114, or both, to provide
and adjust histotripsy therapy to tissue 118. For example, the
controller 110 may include a clock pulse generator config-
ured to generate clock pulses used to generate activation
signals 192. The activation signals 192 (e.g., clock pulses or
trigger signals) cause the transducer 112, the imaging device
114, or both, to emit ultrasonic waves. In other implemen-
tations, the activation signal 192 includes or correspond to
a control signal, i.e., the activation signal 192 is a control
signal (e.g., an excitation signal) that drives the transducer
112.

[0070] The controller 110 is configured to receive data and
messages from the transducer 112, the imaging device 114,
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or both, such as a data 194 (e.g., raw image data, a bubble
cloud image data, or bubble cloud deletion rate). Addition-
ally, the controller 110 is configured to send commands to
the transducer 112, the imaging device 114, or both, such as
an adjustment signal 196 (e.g., an adjustment control signal
or command), responsive to and based on the data 194. In
some implementations, the controller 110 is further config-
ured to send and receive additional data with the transducer
112, the imaging device 114, or both, as described further
with reference to FIG. 2 and FIGS. 5-8.

[0071] In other implementations, functions of the control-
ler 110 may be distributed. For example, each of the trans-
ducer 112 and the imaging device 114 may include a
corresponding controller, similar to controller 110. The
corresponding controllers may be coupled or linked to each
other to provide synchronous timing signals to the trans-
ducer 112 and the imaging device 114. Distributed control is
described further with reference to FIG. 4A.

[0072] The transducer 112 includes or corresponds to a
histotripsy transducer or a therapeutic ultrasound device.
The transducer 112 is configured to generate and emit
ultrasonic sound waves, i.e., an ultrasound signal or ultra-
sound waves towards tissue 118 responsive to receiving
activation signals 192 from the controller 110. As the
ultrasonic sound waves impinges on the tissue 118, portions
of the ultrasonic sound waves are reflected, absorbed, and
transmitted and bubbles form in tissue 118. It is believed that
the bubbles are generated in the extracellular fluid or water
space of tissue 118. The transducer 112 is configured to
generate pulses of ultrasonic sound waves (also referred to
as therapy pulses, insonation pulses, therapy signals, etc.)
such that the pulses of cause the bubble cloud to form and
the bubble cloud to ablate a portion of tissue 118 by
mechanically interacting with cells of tissue 118.

[0073] The transducer 112 converts an electrical signal
into ultrasonic sound waves (i.e., mechanical waves). Ultra-
sonic sound waves include sound waves having a frequency
above 20 thousand cycles per second (20,000 Hz) or the
generally above the highest frequency which humans can
hear. In some implementations, the transducer 112 generates
its control signal used to generate the ultrasonic sound
waves. In other implementations, transducer 112 receives a
control signal from the controller 110 and generates the
ultrasonic sound waves based on the received control signal.
[0074] As an illustrative, non-limiting example, the trans-
ducer 112 includes a 1-MHz ultrasound transducer and has
an 8-element annular array with a 10-cm aperture (e.g., outer
diameter) and 9-cm focal length, such as a transducer from
Imasonic, Voray sur 1’Ognon, France. An annular array
includes elements (e.g., piezoelectric crystals, such as
quartz) arranged in concentric rings with different frequen-
cies of sound produced by each element or ring. The
transducer array elements may be simultaneously driven in
parallel. As an illustrative, non-limiting example, the trans-
ducer 112 includes a custom designed and built class D
amplifier and matching network as in Hall and Cain 2006. In
other implementations, the transducer 112 includes a linear
array or has another shape.

[0075] In some implementations, the transducer 112 may
be calibrated in water. For example, the transducer 112 may
be calibrated in water at a focus for peak negative pressures
up to 18.3 MPa with a fiber optic hydrophone, such as FOPH
2000, RP Acoustics, e.K., Leutenbach, Germany according
to the method of Bader et al. 2016b. As an illustrative,
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non-limiting example, peak negative pressure may be esti-
mated following the analytical methods provided in Max-
well et al. (2013). In other implementations, the transducer
112 may be directly calibrated for peak pressures (e.g.,
positive or negative).

[0076] The imaging device 114 includes or corresponds to
an ultrasound imaging device, such as a plane wave B-mode
imaging device. B-mode refers to brightness modulated. As
an illustrative, non-limiting example, the imaging device
114 includes or corresponds to an [L11-4v imaging array,
made by Verasonics, Inc., Kirkland, Wash., USA, and is
driven by a research ultrasound scanner Vantage 128, made
by Verasonics, Inc.

[0077] The imaging device 114 is configured to generate
and emit ultrasonic sound waves, i.e., an ultrasound signal or
ultrasound pulse, responsive to receiving activation signals
192 from the controller 110. As the ultrasonic sound waves
impinge on the tissue 118, a portion of the ultrasonic sound
waves is reflected back towards the imaging device and
results in a backscatter signal. The imaging device 114 is
configured to receive the backscatter signal and to generate
image data based on the received backscatter signal. The
imaging device 114 is configured to send the image data to
the controller 110.

[0078] Operations of system 100 are described further
with reference to FIGS. 2 and 3 in detail with reference to
FIGS. 5-8. Additionally, an exemplary configuration and
layout of system 100 is described with reference to FIG. 4A.
System 100 is capable of providing real-time feedback of
bubble clouds in tissue during therapeutic ultrasound. For
example, plane wave ultrasound waves applied intermit-
tently/interleaved between pulses of therapy produce a back-
scatter signal that is capable of imaging residual bubble
clouds within tissue, as opposed to bubble clouds formed on
surface or interface between fluid and tissue. Accordingly,
the therapeutic device can be controlled based on feedback
of residual bubble clouds within tissue determined during
operation so that the therapy can be improved (e.g., opti-
mized) during a treatment session and complications can be
reduced. System 100 is capable of using imaging waves to
modulate or control bubble clouds in tissue during thera-
peutic ultrasound. For example, the plane wave ultrasound
waves which produce the backscatter signal used for imag-
ing also modulate the bubble cloud (e.g., an original or
mother bubble cloud). Accordingly, the therapeutic device is
more effective because modulating the bubble cloud reduces
the presence and intensity of residual bubble clouds and
their interference with treatment. Thus, system 100 solves
many of the shortcomings of conventional systems and
methods for therapeutic ultrasound.

[0079] Referring to FIG. 2, a timing diagram 200 of
operation of a therapy system, such as system 100, is
illustrated. As illustrated in FIG. 2, timing diagram 200
illustrates a focal insonation period 210, a delay period 212,
and a plane wave acquisition period 214, which together
form a treatment cycle. The treatment cycle may be repeated
numerous times to form a therapy session.

[0080] The focal insonation period 210 includes or corre-
sponds to a time period or duration where histotripsy therapy
or ultrasound therapy is applied to tissue, e.g., tissue 118. As
explained above, application of histotripsy therapy or ultra-
sound therapy may cause bubbles to form in tissue 118 and
may cause the bubbles to ablate a portion of tissue 118. The
portion of tissue 118 ablated may include or correspond to



US 2020/0282239 Al

cells near a focal or focus region of application of ultrasound
signals. In some implementations, the focal insonation
period 210 includes a single pulse of ultrasound therapy.
[0081] A pulse (or pulses) of the focal insonation period
210 may have a pulse length (duration) between 3-40 ps in
some implementations. In a particular implementation, a
pulse of the focal insonation period 210 has a pulse length
ot 5-20 ps. Exemplary pulse lengths include pulse lengths of
5 ps, 10 ps, and 20 ps. Therapy ultrasound waves of a pulse
(or pulses) of the focal insonation period 210 may have a
frequency (e.g., fundamental frequency) of 800 kHz to 1200
kHz in some implementations. In a particular implementa-
tion, therapy ultrasound waves of a pulse of the focal
insonation period 210 have a frequency 1 of MHz.

[0082] Additionally, or alternatively, pulses of the focal
insonation period 210 may have a pulse repetition frequency
ot 10-30 Hertz. In a particular implementation, the pulses of
the focal insonation period 210 have a pulse repetition
frequency of about 20 Hertz, i.e., 20 times or pulses a
second. Tissue exposure times are based on pulse length and
pulse repetition frequency, and exemplary tissue exposure
time include 10, 20, and 40 ms. In some implementations,
tissue exposure times may be 5 ms to 60 ms.

[0083] Insome implementations, a peak negative pressure
of a pulse of the focal insonation period 210 is between
10-20 MPa. In particular implementations, the peak negative
pressure is between 15-20 MPa or is greater than 15 MPa.
Exemplary peak negative pressures include 14.5, 16.1, and
18.3 MPa.

[0084] In some implementations, a derated focal peak
negative pressure of a pulse of the focal insonation period
210 is between 10-30 MPa. In particular implementations,
the derated focal peak negative pressure is between 12-23
MPa or is greater than 12 MPa. Exemplary derated focal
peak negative pressures include 12, 18, and 23 MPa.
[0085] In some implementations, a derated peak positive
pressure of pulses of the focal insonation period 210 are
between 50-150 MPa. In particular implementations, the
derated peak positive pressure is between 77-105 MPa or is
greater than 77 MPa. Exemplary derated peak positive
pressures include 77, 105, 123 MPa.

[0086] The delay period 212 includes or corresponds to a
time period or duration where no ultrasound is being direc-
tion at the tissue. Such a time period may enable improved
imaging and reduced constructive interference between
therapy ultrasound signals and imaging/bubble modulation
ultrasound signals.

[0087] The plane wave acquisition period 214 include or
corresponds to a time period or duration where plane wave
ultrasound signals are applied to tissue, e.g., tissue 118,
where backscatter signals generated therefrom are pro-
cessed, or both. In some implementations, plane wave
ultrasound signals may be applied to tissue, such as for
bubble cloud control or modulation, longer than or without
processing the backscatter signals. As an illustrative
example, plane wave ultrasound signals may be sent during
the entire plane wave acquisition period 214 and images are
only captured during a portion of plane wave acquisition
period 214, such as a second half. As an additional example,
the delay period 212 may be reduced or eliminated to add
additional plane wave ultrasound to control bubble modu-
lation. In some implementations, the plane wave acquisition
period 214 includes a multiple pulses and multiple corre-
sponding backscatter signals. Thus, in such implementa-
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tions, multiple images (e.g., image frames) are captured
during a single plane wave acquisition period 214.

[0088] Insome implementations, a peak negative pressure
of pulses of the plane wave acquisition period 214 are
between 10 kPA to 10 MPa. In particular implementations,
the peak negative pressure is between 420 kPA to 6.7 MPa
or is greater than 420 kPA.

[0089] Additionally, or alternatively, ultrasound waves of
pulses of the plane wave acquisition period 214 may have a
frequency (e.g., fundamental frequency) of 800 kHz-10
MHz. In a particular implementation, ultrasound waves of
the pulses of the plane wave acquisition period 214 have a
frequency of about 6.25 MHz. In another particular imple-
mentation, ultrasound waves of the pulses of the plane wave
acquisition period 214 have a frequency of about 1 MHz.
[0090] In a particular implementation, the delay period is
about 147-179 ps and an imaging device (e.g., 114) starts
capturing images 147-179 ps after the focal insonation
period 210. Additional, plane wave types and plane wave
acquisition periods may be used in other implementations,
as described with reference to FIG. 3.

[0091] Referring to FIG. 3, a timing diagram 300 of
operation of a therapy system, such as system 100, is
illustrated. As illustrated in FIG. 3, timing diagram 300
illustrates a focal insonation period 310, a delay period 312,
a first plane wave acquisition period 314, and a second plane
wave acquisition period 316. The focal insonation period
310 may include or correspond to the focal insonation period
210, and the delay period 312 include or correspond to the
delay period 212.

[0092] The first plane wave acquisition period 314 or the
second plane wave acquisition period 316 may include or
correspond to the plane wave acquisition period 214. As
illustrated in FIG. 3, the first plane wave acquisition period
314 includes or corresponds to a high frame rate plane wave
acquisition period and the second plane wave acquisition
period 316 includes or corresponds to a low frame rate plane
wave acquisition period, relative to one another. For
example, the first plane wave acquisition period 314 may
include or correspond to an 11.5 kHz plane wave acquisition
period (e.g., 1000 frames per second), and the second plane
wave acquisition period 316 may include or correspond to
an 1 kHz plane wave acquisition period (e.g., 1000 frames
per second). Alternatively, the first plane wave acquisition
period 314 includes or corresponds to a low frame rate plane
wave acquisition period and the second plane wave acqui-
sition period 316 includes or corresponds to a high frame
rate plane wave acquisition period, relative to one another.
[0093] In some implementations, the first plane wave
acquisition period 314 is shorter (i.e., has a smaller or lesser
duration) that the second plane wave acquisition period 316.
For example, as illustrated in FIG. 3, a duration of the first
plane wave acquisition period 314 is 10 ms, and a duration
of the second plane wave acquisition period 316 is 40 ms.
Alternatively, the first plane wave acquisition period 314 is
longer (i.e., has a greater or larger duration) than the second
plane wave acquisition period 316. In a particular imple-
mentation, the delay period 312 is about 147-179 us and the
first plane wave acquisition period 314 is about 10 ms, thus
an imaging device (e.g., 114) starts capturing second images
about 10.2 ms after the focal insonation period 310. Second
images correspond to images generated based on a back-
scatter signal produced by second plane waves of the second
plane wave acquisition period 314.
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[0094] Insome implementations, a plane wave acquisition
period (e.g., 314, 316, or both) does not process backscatter
signals and corresponds to a bubble control or modulation
period only. Additionally, or alternatively, one or more of the
plane wave acquisition periods (or a portion thereof) may
not modulate or control (e.g., reduce an amount of and a size
of) bubbles formed in the tissue from focal insonation
(ultrasound therapy).

[0095] In some implementations, there may be an addi-
tional delay period (e.g., 312) between the first plane wave
acquisition period 314 and the second plane wave acquisi-
tion period 316. Such a delay period may provide a clearer
signal (e.g., increased signal to noise ratio) and reduce or
prevent constructive interference between ultrasound waves
of different types.

[0096] In some implementations, the periods 310-318 are
initiated or triggered by a trigger signal 322 (i.e., a same
signal). As an illustrative example, the trigger signal 322
includes or corresponds to the activation signal 192. In other
implementations, each of the periods 310-318 are initiated
or triggered by a corresponding activation signal (i.e., mul-
tiple activations are used to control timing).

[0097] This timing sequence illustrated in FIG. 3 may
repeat for many cycles to form a therapy cycle or treatment
session. For example, one therapy cycle or treatment session
may include 2000 cycles depicted in FIG. 2 or 3. The process
may be adjusted mid cycle or from cycle to cycle. For
example, the timing of the signals may be adjusted by
adjusting the trigger signal 322. As another example, image
data may only be generated once every “N” number cycles.
For example, backscatter signals are generated each plane
wave acquisition period from the emitted ultrasound, but the
backscatter signals are only received and/or processed once
every 10 cycles, 200 cycles, etc., to form image data, bubble
deletion rates, adjustments, or a combination thereof.
[0098] In a particular implementation, there is a delay
between the trigger signal 322 an activation of focal
insonation, i.e., start of period 318. The delay may be used
to prevent constructive interference between imaging waves
of a previous cycle and therapy waves of a next or current
cycle or may represent the time it takes for signal propaga-
tion and processing by components.

[0099] The timing sequences illustrated in FIGS. 2 and 3
enable ultrasound diagnostic imaging during a treatment
session. Additionally, the timing sequences enable bubble
modulation with the ultrasound waves/signals/pulses, used
for the ultrasound diagnostic imaging. Accordingly, a
therapy system, such as system 100, includes benefits and
advantages over conventional therapy systems because such
a therapy system can modulate bubble clouds within tissue
and can image bubble clouds in tissue in real-time (i.e.,
during treatment). Therefore, treatment efficacy and patient
outcomes are increased.

[0100] Additionally, such real-time or in treatment feed-
back enables adjustment of the treatment or imaging during
a session such that tissue ablation can be improved or
optimized. Accordingly, treatment efficacy and patient out-
comes are further increased over conventional methods
which are not capable of modulating bubbles (in or outside
of tissue) and providing real time in treatment feedback.
[0101] Referring to FIG. 4A, a side view of an example of
therapy system 400 is illustrated. System 400 includes a
controller 410, a therapy device 412, and an imaging device
414. System 400 may include or correspond to therapy
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system 100, and operate with timings described in FIGS. 2
and 3. The therapy device 412 includes a histotripsy trans-
ducer 422 (also referred to as “transducer 422”) and the
imaging device 414 includes an imaging array 432 and a
controller 434. The therapy device 412 and/or the histotripsy
transducer 422 may include or correspond to the transducer
112 of FIG. 1. As illustrated in the example of FIG. 4A, the
transducer 422 is controlled by the controller 410, i.e.,
receives an excitation signal from the controller 410 which
drives the transducer 422 to generate the therapy ultrasound
signal/pulse. The therapy pulse generates or causes a bubble
cloud within tissue 418. As multiple therapy pulses are
applied, the bubble cloud grows in the azimuthal axis 454
and into a nearfield (leftward in FIG. 4A) relative to a focus
of the transducer 422.

[0102] The imaging array 432 is configured to capture
image data. In some implementations, the imaging array 432
is configured to capture backscatter signal intensity data. In
some implementations, the imaging array 432 is a linear
array. As illustrated in the example of FIG. 4A, the imaging
array has a focus area width of 3 centimeters. In other
implementations, the focus area and/or the width thereof of
the imaging array 432 may be larger or smaller based on a
size of a therapy site and the transducer 422.

[0103] The imaging array 432 may also be configured to
generate and emit an image pulse signal, which is partially
reflected by tissue 418 to create the backscatter signal. As an
illustrative, non-limiting example, the imaging array 432 is
configured to generate a 6.25 MHz imaging pulse.

[0104] The controller 434 is configured to control or
“drive” the imaging array 432. In some implementations, the
controller 434 is configured to process or partially process
the image data. In other implementations, the controller 434
sends the image data (e.g., raw image data or intensity
values) to the controller 410. The controller 434 may include
components similar to controller 110.

[0105] As illustrated in FIG. 4A, the imaging array 432 of
the imaging device 414 is oriented to monitor bubble cloud
activity along a central axis (e.g., an azimuth/range plane of
the imaging array as illustrated in FIG. 4A) of the histotripsy
transducer 422. The histotripsy transducer 422 may have a
9-cm focal length and 10-cm outer diameter. The histotripsy
transducer 422 may be placed into the tissue 418, adjacent
to the 418, or oriented at the tissue 418. As illustrated in FIG.
4 A, the histotripsy transducer 422 is positioned (i.e., located
and oriented) such that a focus of the histotripsy transducer
422 is at a depth of 2 cm, 462, into the tissue in the azimuthal
axis 454. A distance 464 between the imaging array 432 and
the focus of the histotripsy transducer 422 is 3 cm in the
range axis 452. The histotripsy transducer 422 and the
imaging array 432 may be aligned confocally, i.e., a focus of
each of the histotripsy transducer 422 and the imaging array
432 overlap each other (at least partially).

[0106] In some implementations, a focal distance of the
transducer 422 is 60 mm or greater. In some such imple-
mentations, the focal distance of the transducer 422 is 2-3
times longer than a focal distance of the imaging array 432.
Accordingly, an imaging pulse will be more attenuated by
the tissue 418 than a therapy pulse.

[0107] In some implementations, the system 400 includes
multiple imaging arrays. For example, each imaging array
acquires image data in a fixed two-dimensional plane. Thus,
to capture a larger portion of the volume of the bubble cloud,
multiple imaging arrays may be positioned in parallel or
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angled from one another such that additional image “slices”
of the bubble cloud are captured.

[0108] In some implementations, system 400 includes a
three-axis positioning device or system, such as three axis
positioning device 442. The three axis positioning device
442 is configured to determine, place, and/or orient the
histotripsy transducer 422, the imaging array, 432 or both. In
a particular implementation, the three axis positioning
device 442 is configured to adjust a position or an orientation
of the histotripsy transducer 422, the imaging array, 432 or
both, during operation (e.g., during a treatment cycle or
session). For example, the three axis positioning device 442
may adjust an orientation angle (e.g., by rotating or turning)
of the histotripsy transducer 422 to adjust a focus of the
histotripsy transducer 422, such as adjust where on the tissue
418 the focus of the histotripsy transducer 422 is located. In
some implementations, the three axis positioning device 442
is further configured to adjust tissue 418, such as a patient
including tissue 418. As an illustrative example, the three
axis positioning device 442 includes or corresponds to one
or more server motors and a servo motor controller, such as
T-Cube DC Servo Motor Controller from by Thorlabs Inc.,
Newton, N.JI., USA.

[0109] Referring to FIGS. 4B-4D, image pulsing schemes
for plane wave acquisition periods, such as 214, 314, 316,
are illustrated. The image pulses of the image pulsing
schemes of FIGS. 4B-4D may be generated by the imaging
device 114 or the imaging array 432. The image pulsing
schemes are suitable for contrast specific imaging. Although
three exemplary image pulsing schemes are illustrate, other
image pulsing schemes are suitable for contrast specific
imaging may be used in other implementations.

[0110] FIG. 4B illustrates a single repeating imaging pulse
imaging scheme, such as a conventional or standard imaging
pulse scheme. FIG. 4C illustrates a pulse inversion imaging
scheme. In FIG. 4C, the pulse inversion imaging scheme
includes a first pulse that has a first orientation or shape with
respect to positive and negative pressure and includes a
second pulse that has a second orientation or shape with
respect to positive and negative pressure that is opposite
(e.g., mirror image) of the shape/orientation of the first
pulse. Although the first and second pulses have a pulse
duration of about 1 ps and are about 2 us apart in FIG. 4C,
the pulse interval is not drawn to scale. Other durations and
intervals may be used in other implementations, such as
those described with reference to FIG. 4A.

[0111] FIG. 4D illustrates a Chirp-coded excitation pulse
imaging scheme. As illustrated in FIG. 4D, the Chirp-coded
excitation pulse imaging scheme has a pulse duration of 3
us. In other implementations, different pulse durations may
be used, such as 2.5 us, 3 ps, etc. Although, the image pulses
have a pressure of 1 to —1 MPa in FIGS. 4B-4D, in other
implementations, the image pulses may have different pres-
sures, such as those pressures described with reference to
FIG. 4A.

[0112] The image pulsing schemes of FIGS. 4B-4D cause
an increase in a degree of nonlinear bubble oscillations as
compared to conventional therapy systems without imaging
or as compared to conventional therapy systems with non-
plane wave imaging methods (e.g., non-plane wave B-mode
waves). The increased degree of nonlinear bubble oscilla-
tions will also increase bubble modulation, and thus will
improve the ability of plane wave imaging to increase
bubble cloud dissolution. Additionally, the image pulsing
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schemes of FIGS. 4C and 4D may cause an increase in a
degree of nonlinear bubble oscillations as compared to the
image pulsing scheme of FIG. 4B. The increased degree of
nonlinear bubble oscillations will also increase bubble
modulation, and thus will improve the ability of plane wave
imaging to increase bubble cloud dissolution. However, the
image pulsing scheme of FIG. 4B may be easier to generate
and the hardware to generate such pulses may have reduced
costs.

[0113] Referring to FIGS. 5-8, flowcharts of examples of
operation of a therapy system (and components thereof) are
shown. FIG. 5 illustrates a method 500 of providing ultra-
sound therapy. The method 500 may be performed at or by
system 100 (e.g., controller 110, transducer 112, and/or
imaging device 114) or system 400 (e.g., one or more
components thereof).

[0114] Method 500 includes applying therapy ultrasound
waves, at 510. For example, the therapy ultrasound waves
may include or correspond to therapy ultrasound waves
emitted by transducer 112 or transducer 422. To illustrate,
transducer 112 emits first therapy ultrasound waves at a first
time towards a therapy site (e.g., tissue 118). The first
therapy ultrasound waves may include or correspond to a
first pulse or therapy pulse.

[0115] Method 500 also includes applying plane wave
ultrasound waves, at 512. For example, the plane wave
ultrasound waves may include or correspond to plane wave
ultrasound waves emitted by the imaging device 114 or the
imaging array 432. To illustrate, the imaging device 114
emits first plane wave ultrasound waves at a second time,
after the first time, towards the therapy site. The first plane
wave ultrasound waves may include or correspond to one or
more pulses or imaging/modulation pulses.

[0116] Method 500 includes generating image data based
on a backscatter signal received from tissue and responsive
to plane wave ultrasound waves, at 514. For example, the
image data may include or correspond to data 194, and may
be raw image data, grayscale image data, or binarized (e.g.,
black and white) image data. The image data may depict a
bubble cloud within tissue 118, and may correspond to
B-mode image data (e.g., is brightness modulated). To
illustrate, tissue 118 produces a backscatter signal by reflect-
ing the first plane wave ultrasound waves. The imaging
device 114 or the imaging array 432 receives the backscatter
signal and generates image data based on the backscatter
signal, such as an intensity thereof. The backscatter signal
may include or correspond to one or more signals or pulses,
such as a plurality of backscatter signal pulses. Each back-
scatter signal pulse may correspond to a frame (i.e., image
frame) of image data.

[0117] Method 500 further includes outputting the image
data based on the backscatter signal, at 516. For example,
the controller 110 may provide a grayscale image or bina-
rized image on monitor 126 or output the image data to
another device for use in analyzing therapy (e.g., for calcu-
lating bubble deletion rates).

[0118] Additionally, or alternatively (with respect to out-
putting the image data), method 500 further comprises
adjusting operation based on the image data, at 518. For
example, the controller 110 or the controller 434 may adjust
imaging parameters. As another example, the controller 110
or 410 may adjust therapy parameters. A controller may
adjust a parameter by sending an adjustment signal 196 to
the ultrasound imaging device 114 or the transducer 112 or
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adjusting/generating an adjusted excitation signal that drives
the imaging device 114 or the transducer 112. Examples of
adjustments are described with reference to FIG. 6.

[0119] FIG. 6 illustrates a method 600 of operating (e.g.,
controlling) a therapy system. The method 600 may be
performed at or by system 100 (e.g., controller 110) or the
system 400 (e.g., controller 410 and/or controller 434).
[0120] Method 600 includes sending, by a controller, an
activation signal to an ultrasound therapy device, at 610. For
example, the activation signal may include or correspond to
the activation signal 192, and the ultrasound therapy device
may include or correspond to the transducer 112, the therapy
device 412, or the transducer 422. To illustrate, controller
110 sends an activation signal 192 to the transducer 112.
[0121] Method 600 also includes sending, by the control-
ler, an activation signal to an ultrasound imaging device, at
612. For example, the activation signal may include or
correspond to the activation signal 192, and the ultrasound
imaging device may include or correspond to the imaging
device 114, the imaging device 414, or the imaging array
432. To illustrate, controller 110 sends a second activation
signal 192 to the imaging device 114.

[0122] Method 600 includes receiving, at the controller,
image data from the ultrasound imaging device, at 614. For
example, the image data may include or correspond to data
194, and may be raw image data, grayscale image data, or
binarized (e.g., black and white) image data. The image data
may depict a bubble cloud within tissue 118, and may
correspond to B-mode image data (e.g., is brightness modu-
lated). To illustrate, tissue 118 produces a backscatter signal
by reflecting the plane wave ultrasound waves (e.g., a pulse
thereof) emitted by ultrasound imaging device. The ultra-
sound imaging device (e.g., the imaging device 114, the
imaging device 414, or the imaging array 432) receives the
backscatter signal and generates the image data based on the
backscatter signal, such as an intensity thereof.

[0123] Method 600 further includes generating, by the
controller, bubble cloud image data based on the received
image data, at 616. For example, the controller 110 may
generate a grayscale image or binarized image based on raw
image data or may generate binarized image based on
received grayscale image data. As another example, the
controller 110 may generate normalized image data based on
the received image data.

[0124] Insome implementations, method 600 further com-
prises adjusting operation based on the received image data,
at 618. For example, the controller 110 or the controller 434
may adjust imaging parameters. As another example, the
controller 110 or 410 may adjust therapy parameters. A
controller may adjust a parameter by sending an adjustment
signal 196 to the ultrasound imaging device 114 or the
transducer 112 or adjusting/generating an adjusted excita-
tion signal that drives the imaging device 114 or the trans-
ducer 112.

[0125] As an illustrative, non-limiting example, the
received image data (e.g., two frames thereof or first image
data and second image data) can be used to determine a
bubble deletion rate. If the bubble deletion rate is above a
threshold (e.g., a bubble deletion rate threshold of thresholds
146), the plane wave ultrasound waves are adjusted. In a
particular implementation, the plane wave ultrasound waves
are reduced in pulse length, frequency, and/or intensity when
the bubble deletion rate is above a first threshold, and the
plane wave ultrasound waves are increased in pulse length,
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frequency, and/or intensity when the bubble deletion rate is
below a second threshold. The first threshold is greater than
the second threshold and the first and second threshold
define a range of bubble deletion rates for a particular
therapy type, such as prostate tissue therapy.

[0126] As another illustrative, non-limiting example, the
received image data can be used to determine a bubble cloud
size and/or bubble size. If the bubble cloud size and/or
bubble size is above a corresponding threshold (e.g., a
bubble cloud size and/or bubble size threshold of thresholds
146), the therapy ultrasound waves are adjusted. In a par-
ticular implementation, the therapy ultrasound waves are
increased in pulse length, frequency, and/or intensity when
the bubble cloud size and/or bubble size is above one or
more first corresponding thresholds, and the therapy wave
ultrasound waves are reduced in pulse length, frequency,
and/or intensity when the bubble cloud size and/or bubble
size is below one or more second corresponding thresholds.
The first thresholds may be greater than the second thresh-
olds and the first and second thresholds may define a range
of bubble cloud size and/or bubble size for a particular
therapy type, such as prostate tissue therapy.

[0127] FIG. 7 illustrates a method 700 of manufacturing a
compound film. The method 700 may be performed at or by
system 100 (e.g., the transducer 112) or the system 400 (e.g.,
the therapy device 412 and/or the transducer 422).

[0128] Method 700 includes receiving, at an ultrasound
therapy device, an activation signal, at 710. For example, the
activation signal may include or correspond to the activation
signal 192, and the ultrasound therapy device may include or
correspond to the transducer 112, the therapy device 412, or
the transducer 422. To illustrate, the transducer 112 receives
an activation signal 192 from the controller 110.

[0129] Method 700 also includes applying, by the ultra-
sound therapy device, ultrasonic sound waves to a tissue site
responsive to the activation signal, at 712. For example, the
ultrasonic sound waves may include or correspond to
therapy ultrasound waves emitted by transducer 112 or
transducer 422. To illustrate, transducer 112 emits first
therapy ultrasound waves at a first time towards a therapy
site (e.g., tissue 118). The first therapy ultrasound waves
may include or correspond to a first pulse or therapy pulse.
In some implementations, the ultrasound therapy device
applies additional therapy ultrasound waves, such as second
therapy ultrasound waves or a second pulse, responsive to
the activation signal or additional activation signals. Such
additional pulses may be interleaved with imaging/modula-
tion pulses.

[0130] Method 700 includes receiving, at the ultrasound
therapy device, an adjustment signal, at 714. For example,
the adjustment signal may include or correspond to an
adjustment signal 196. To illustrate, the controller 110 or 410
may adjust one or more therapy parameters of the ultrasound
therapy device during a treatment session and the ultrasound
therapy device may receive an adjustment signal 196 includ-
ing an adjusted therapy parameter. As another example, the
adjustment signal 196 is an excitation signal and the con-
troller 110 or 410 adjust therapy parameters by adjusting the
excitation signal.

[0131] Method 700 further includes adjusting, by the
ultrasound therapy device and during a treatment session,
the ultrasonic sound waves responsive to the adjustment
signal, at 716. For example, the controller 110 or 410 may
cause adjustment to one or more therapy parameters of the
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ultrasound therapy device during a treatment session. A
therapy parameter of the ultrasound therapy device may be
adjusted by receiving an adjustment signal 196 at the
transducer 112 or receiving/generating an adjusted excita-
tion signal that drives the transducer 112. To illustrate, the
transducer 112 applies second therapy ultrasound waves that
are different from the (first) therapy ultrasound waves. The
second therapy ultrasound waves are generated based on a
second excitation signal that is different from a first excita-
tion signal used to generate the (first) therapy ultrasound
waves. The adjustment or adjustment signal 196 may be
determined based on plane wave B-mode ultrasound data, as
described herein.

[0132] FIG. 8 illustrates a method 800 of manufacturing a
compound film. The method 800 may be performed at or by
system 100 (e.g., the imaging device 114) or the system 400
(e.g., the imaging device 414, the imaging array 432, and/or
the controller 434).

[0133] Method 800 includes receiving, at an ultrasound
imaging device, an activation signal, at 810. For example,
the activation signal may include or correspond to the
activation signal 192, and the ultrasound imaging device
may include or correspond to the imaging device 114, the
imaging device 414, the imaging array 432, or the controller
434. To illustrate, controller 110 sends activation signal 192
to the imaging device 114.

[0134] Method 800 also includes applying, by the ultra-
sound imaging device, ultrasonic sound waves to a tissue
site responsive to the activation signal, at 812. For example,
the ultrasonic sound waves may include or correspond to
plane wave ultrasound waves emitted by the imaging device
114 or the imaging array 432. To illustrate, the imaging
device 114 emits first plane wave ultrasound waves at a
second time towards the therapy site after therapy ultrasound
waves were applied to therapy site at a first time.

[0135] Method 800 includes receiving, at the ultrasound
imaging device, a backscatter signal, at 814. For example,
the backscatter signal may include or correspond to a
response signal of the plane wave ultrasound waves or
signals (e.g., a pulse thereof). To illustrate, tissue 118
produces a backscatter signal by reflecting the plane wave
ultrasound waves emitted by the ultrasound imaging device.
The imaging device 114 or the imaging array 432 receives
the backscatter signal and/or detects the backscatter signal,
such as an intensity thereof.

[0136] Method 800 further includes generating, by the
ultrasound imaging device, image data based on the back-
scatter signal, at 816. For example, the image data may
include or correspond to data 194, and may be raw image
data, grayscale image data, or binarized (e.g., black and
white) image data. The image data may depict a bubble
cloud within tissue 118, and may correspond to B-mode
image data (e.g., is brightness modulated).

[0137] Method 800 optionally includes adjusting, by the
ultrasound imaging device and during a treatment session,
the plane wave ultrasound waves responsive to receiving an
adjustment signal, at 716. For example, the controller 110 or
the controller 434 may adjust imaging parameters based on
an adjustment signal 196. A imaging parameter of the
ultrasound imaging device may be adjusted by receiving an
adjustment signal 196 at the controller 434 or receiving/
generating, at the controller 434, an adjusted excitation
signal that drives the imaging array 432. To illustrate,
imaging array 432 applies second plane wave ultrasound
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waves that are different from the (first) plane wave ultra-
sound waves. The second plane wave ultrasound waves are
generated based on a second excitation signal that is differ-
ent from a first excitation signal used to generate the (first)
plane wave ultrasound waves. The adjustment or adjustment
signal 196 may be determined based on the received image
data. For example, the received image data can be used to
determine a bubble deletion rate. If the bubble deletion rate
is above a threshold (e.g., a bubble deletion rate threshold of
thresholds 146), the plane wave ultrasound waves are
adjusted. As an exemplary non-limiting example, the plane
wave ultrasound waves are reduced in frequency and/or
intensity when the bubble deletion rate is above the thresh-
old.

[0138] Thus, method 500 describes method of providing
therapy, such as operating a therapy system, method 600
describes method of operating (e.g., controlling) a therapy
system, method 700 describes method of providing therapy
or controlling a therapy device, and method 800 describes a
method of providing ultrasound imaging and bubble modu-
lation during therapy or controlling an ultrasound imaging
device. Methods 500-800, individually and in combination,
enable ultrasound diagnostic imaging during a treatment
bubble modulation with the ultrasound waves/signals/
pulses, used for the ultrasound diagnostic imaging. Addi-
tionally, such real-time or in treatment feedback enables
adjustment of the treatment or imaging during a session such
that tissue ablation can be improved or optimized. Accord-
ingly treatment efficacy and patient outcomes are further
increased over conventional methods which are not capable
of modulating bubbles (in or outside of tissue) and providing
real time in treatment feedback.

[0139] Referring to FIG. 20, a timing diagram 2000 of
another example operation of a therapy system, such as
system 100, 400, 2100 of FIG. 21, is illustrated. As illus-
trated in FIG. 20, timing diagram 2000 illustrates a focal
insonation period 2010, a delay period 2012, and a plane
wave acquisition period 2014, which together form a treat-
ment cycle. The treatment cycle may be repeated numerous
times to form a therapy session.

[0140] In some implementations, the periods 2010-2018
are initiated or triggered by a trigger signal 2022. As an
illustrative example, the trigger signal 2022 includes or
corresponds to the activation signal 192. In other implemen-
tations, each of the periods 2010-2018 are initiated or
triggered by a corresponding activation signal (i.e., multiple
activations are used to control timing).

[0141] The focal insonation period 2010 includes or cor-
responds to a time period or duration where histotripsy
therapy or ultrasound therapy is applied to tissue, e.g., tissue
118. As explained above, application of histotripsy therapy
or ultrasound therapy may cause bubbles to form in tissue
118 and may cause the bubbles to ablate a portion of tissue
118. The portion of tissue 118 ablated may include or
correspond to cells near a focal or focus region of applica-
tion of ultrasound signals. In some implementations, the
focal insonation period 2010 includes a single pulse of
ultrasound therapy.

[0142] A pulse (or pulses) of the focal insonation period
2010 may have a pulse length (duration) between 3-40 pus in
some implementations. In a particular implementation, a
pulse of the focal insonation period 2010 has a pulse length
ot 5-20 ps. Exemplary pulse lengths include pulse lengths of
5 ps, 10 ps, and 20 ps. Therapy ultrasound waves of a pulse
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(or pulses) of the focal insonation period 2010 may have a
frequency (e.g., fundamental frequency) of 800 kHz to 1200
kHz in some implementations. In a particular implementa-
tion, therapy ultrasound waves of a pulse of the focal
insonation period 2010 have a fundamental frequency of 1
MHz and may be applied at a rate of 10 Hz with pulses of
5 us duration and 25 MPa peak negative pressure.

[0143] Additionally, or alternatively, pulses of the focal
insonation period 2010 may have a pulse repetition fre-
quency of 10 to 30 Hertz. In a particular implementation, the
pulses of the focal insonation period 2010 have a pulse
repetition frequency of about 20 Hertz, i.e., 20 times or
pulses a second. Tissue exposure times are based on pulse
length and pulse repetition frequency, and exemplary tissue
exposure time include 10, 20, and 40 ms. In some imple-
mentations, tissue exposure times may be 5 ms to 60 ms.

[0144] Insome implementations, a peak negative pressure
of a pulse of the focal insonation period 2010 is between 10
to 30 MPa. In particular implementations, the peak negative
pressure is between 15-25 MPa or is greater than 15 MPa.
One exemplary peak negative pressures is 25 MPa.

[0145] In some implementations, a derated focal peak
negative pressure of a pulse of the focal insonation period
2010 is between 10-30 MPa. In particular implementations,
the derated focal peak negative pressure is between 12-23
MPa or is greater than 12 MPa. Exemplary derated focal
peak negative pressures include 12, 18, and 23 MPa.

[0146] In some implementations, a derated peak positive
pressure of pulses of the focal insonation period 2010 are
between 50-150 MPa. In particular implementations, the
derated peak positive pressure is between 77-105 MPa or is
greater than 77 MPa. Exemplary derated peak positive
pressures include 77, 105, 123 MPa.

[0147] The delay period 2012 includes or corresponds to
a time period or duration where no ultrasound is being
direction at the tissue. Such a time period may enable
improved imaging and reduced constructive interference
between therapy ultrasound signals and imaging/bubble
modulation ultrasound signals.

[0148] The image wave acquisition period 2014 include or
corresponds to a time period or duration where plane wave
ultrasound signals are applied to tissue, e.g., tissue 118,
where backscatter signals generated therefrom are pro-
cessed, or both. For example, the bubble clouds may be
monitored with either standard plane wave, pulse inversion
plane waves, or chirp-coded excitation schemes, such as
described with reference to FIGS. 4A-4C. Pulse inversion
plane waves and chirp-coded excitation schemes may cor-
respond to bubble specific sequences. To illustrate, such
schemes may perform better for particular type of bubbles,
such as bubbles or bubble clouds with particular dimensions.

[0149] For the plane wave and pulse inversion acquisi-
tions, the imaging pulse may have a fundamental frequency
of approximately 4 to 6 MHz and may have a pulse duration
of approximately 0.1 to 0.3 ps. As an illustrative example,
the fundamental frequency is 5 MHz and the pulse duration
is 0.2 us.

[0150] For chirp-coded excitation imaging, the pulse
bandwidth may be in the range of approximately 4 to 7 MHz
over a duration of approximately 1 to 3 us. As an illustrative
example, the pulse bandwidth is between 4.8 to 6 MHz over
a duration of 2 ps.
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[0151] For all sequences, the electrical excitation to the
imaging array may be 5V or 25 V. In some implementations,
the image wave acquisition period 2014 has a duration of
30-60 ms, such as 45 ms.

[0152] In some implementations, plane wave ultrasound
signals may be applied to tissue, such as for bubble cloud
control or modulation, longer than or without processing the
backscatter signals. As an illustrative example, plane wave
ultrasound signals may be sent during the entire image
acquisition period 2014 and images are only captured during
a portion of image acquisition period 2014, such as a second
half. As an additional example, the delay period 2012 may
be reduced or eliminated to add additional plane wave
ultrasound to control bubble modulation. In some imple-
mentations, the image acquisition period 2014 includes a
multiple pulses and multiple corresponding backscatter sig-
nals. Thus, in such implementations, multiple images (e.g.,
image frames) are captured during a single image acquisi-
tion period 2014.

[0153] Insome implementations, a peak negative pressure
of pulses of the image acquisition period 2014 are between
10 kPA to 10 MPa. In particular implementations, the peak
negative pressure is between 420 kPA to 6.7 MPa or is
greater than 420 kPA.

[0154] Additionally, or alternatively, ultrasound waves of
pulses of the image acquisition period 2014 may have a
frequency (e.g., fundamental frequency) of 800 kHz-10
MHz. In a particular implementation, ultrasound waves of
the pulses of the image acquisition period 2014 have a
frequency of about 6.25 MHz. In another particular imple-
mentation, ultrasound waves of the pulses of the image
acquisition period 2014 have a frequency of about 1 MHz.
[0155] In a particular implementation (e.g., plane wave or
pulse inversion implementations), pulses of the image acqui-
sition period 2014 may have a 5 MHz fundamental fre-
quency and a 0.3 ps pulse duration. In another particular
implementation (e.g., chirp-coded excitation imaging imple-
mentations), a pulse bandwidth of the pulses of the image
acquisition period 2014 may be 4.8 to 6 MHz over a 2 pus
duration.

[0156] In a particular implementation, the delay period
2012 is about 50 ps and an imaging device (e.g., 114) starts
capturing images about 50 pus after the focal insonation
period 2010. Additional, plane wave types and plane wave
acquisition periods may be used in other implementations,
as described with reference to FIG. 3.

[0157] This timing sequence illustrated in FIG. 20 may
repeat for many cycles to form a therapy cycle or treatment
session. For example, one therapy cycle or treatment session
may include 2000 cycles depicted in FIG. 20. The process
may be adjusted mid cycle or from cycle to cycle. For
example, the timing of the signals may be adjusted by
adjusting the trigger signal 2022. As another example, image
data may only be generated once every “N” number cycles.
For example, backscatter signals are generated each plane
wave acquisition period from the emitted ultrasound, but the
backscatter signals are only received and/or processed once
every 10 cycles, 200 cycles, etc., to form image data, bubble
deletion rates, adjustments, or a combination thereof.
[0158] In a particular implementation, there is a delay
between the trigger signal 2022 an activation of focal
insonation, i.e., start of period 2018. The delay may be used
to prevent constructive interference between imaging waves
of a previous cycle and therapy waves of a next or current
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cycle or may represent the time it takes for signal propaga-
tion and processing by components.

[0159] The timing sequences illustrated in FIG. 20 enables
ultrasound diagnostic imaging during a treatment session.
Additionally, the timing sequences enable bubble modula-
tion with the ultrasound waves/signals/pulses, used for the
ultrasound diagnostic imaging. Accordingly, a therapy sys-
tem, such as system 100, 400, or 2100, includes benefits and
advantages over conventional therapy systems because such
a therapy system can modulate bubble clouds within tissue
and can image bubble clouds in tissue in real-time (i.e.,
during treatment). Therefore, treatment efficacy and patient
outcomes are increased.

[0160] Additionally, such real-time or in treatment feed-
back enables adjustment of the treatment or imaging during
a session such that tissue ablation can be improved or
optimized. Accordingly, treatment efficacy and patient out-
comes are further increased over conventional methods
which are not capable of modulating bubbles (in or outside
of tissue) and providing real time in treatment feedback.

[0161] Referring to FIG. 21, a top view of an example of
therapy system 2100 is illustrated. System 2100 includes a
controller 2110, a therapy device 2112, and an imaging
device 2114. System 2100 may include or correspond to
therapy system 100, and operate with timings described in
FIGS. 2, 3, and 20. The therapy device 2112 includes a
histotripsy transducer 2122 (also referred to as “transducer
2122”) and the imaging device 2114 includes an imaging
array 2132 and a controller 2134. The therapy device 2112
and/or the histotripsy transducer 2122 may include or cor-
respond to the transducer 112 of FIG. 1. As illustrated in the
example of FIG. 21, the transducer 2122 is controlled by the
controller 2110, i.e., receives an excitation signal from the
controller 2110 which drives the transducer 2122 to generate
the therapy ultrasound signal/pulse. The therapy pulse gen-
erates or causes a bubble cloud within tissue 2118. As
multiple therapy pulses are applied, the bubble cloud grows
in the azimuthal axis 2154 and into a nearfield (leftward in
FIG. 21) relative to a focus of the transducer 2122.

[0162] The imaging array 2132 is configured to capture
image data. In some implementations, the imaging array
2132 is configured to capture backscatter signal intensity
data. In some implementations, the imaging array 2132 is a
linear array. As illustrated in the example of FIG. 21, the
imaging array has a focus area width of 3 centimeters. In
other implementations, the focus area and/or the width
thereof of the imaging array 2132 may be larger or smaller
based on a size of a therapy site and the transducer 2122.

[0163] The imaging array 2132 may also be configured to
generate and emit an image pulse signal, which is partially
reflected by tissue 2118 to create the backscatter signal. As
an illustrative, non-limiting example, the imaging array
2132 is configured to generate a 5 MHz imaging pulse.

[0164] The controller 2134 is configured to control or
“drive” the imaging array 2132. In some implementations,
the controller 2134 is configured to process or partially
process the image data. In other implementations, the con-
troller 2134 sends the image data (e.g., raw image data or
intensity values) to the controller 2110. The controller 2134
may include components similar to controller 110. For
example, the controller 2134 generated and sends electrical
excitation signals to the imaging array 2132 of either 5V or
25 V.
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[0165] As illustrated in FIG. 21, the imaging array 2132 of
the imaging device 2114 is oriented to monitor bubble cloud
activity along a central axis (e.g., an azimuth/range plane of
the imaging array as illustrated in FIG. 21) of the histotripsy
transducer 2122. The histotripsy transducer 2122 may have
a 7.5 cm focal length and 10 cm outer diameter. The
histotripsy transducer 2122 may be placed into the tissue
2118, adjacent to the 2118, or oriented at the tissue 2118. As
illustrated in FIG. 21, the histotripsy transducer 2122 is
positioned (i.e., located and oriented) such that a focus of the
histotripsy transducer 2122 is at a depth of 2 cm, 2162, into
the tissue in the azimuthal axis 2154. A distance 2164
between the imaging array 2132 and the focus of the
histotripsy transducer 2122 is 3 cm in the range axis 2152.
The histotripsy transducer 2122 and the imaging array 2132
may be aligned confocally, as described with reference to
FIG. 2, and may be positioned in a similar manner to the
histotripsy transducer 222 and the imaging array 232 of FIG.
2. In some implementations, system 2100 includes a three-
axis positioning device or system, such as three axis posi-
tioning device 442 of FIG. 4A.

[0166] In some implementations, the system 2100
includes multiple imaging arrays. For example, each imag-
ing array acquires image data in a fixed two-dimensional
plane. Thus, to capture a larger portion of the volume of the
bubble cloud, multiple imaging arrays may be positioned in
parallel or angled from one another such that additional
image “slices” of the bubble cloud are captured.

[0167] It is noted that one or more operations described
with reference to one of the methods of FIGS. 5-8 may be
combined with one or more operations of another of FIGS.
5-8. For example, one or more operations of method 600
may be combined with one or more operations of method
700. Additionally, or alternatively, one or more operations
described above with reference to FIGS. 1-4A may be
combined with one or more operations of FIG. 5, FIG. 6,
FIG. 7, FIG. 8, or a combination of FIGS. 5-8.

Experimental Results

[0168] Experiments were conducted on tissue mimicking
phantoms subjected to therapeutic ultrasound to determine
bubble cloud behavior in the presence of plane wave ultra-
sound and if plane wave ultrasound could be used to image
bubble clouds. The objective of the experiment was to
monitor translation of histotripsy-induced bubble clouds and
to monitor changes in area and grayscale of histotripsy-
induced bubble clouds in the tissue mimicking phantoms
(e.g., a prostate tissue phantom). The potential to modulate
the bubble cloud behavior with high acoustic output from
the plane wave imaging sequence was also explored. To
predict the bubble cloud behavior, an analytic model based
on histotripsy-induced bubble expansion (Bader and Hol-
land 2016) and a zero-order diffusion equation (Eller 1965)
was developed to compute the time for bubble dissolution.
Predictions from the analytic model were compared to
numerical computations from previous studies (Bader and
Bollen 2018) and experimental observations.

1. Methods
[0169] A. Tissue Phantom Production
[0170] Tissue phantoms (also referred to herein as phan-

toms) were manufactured utilizing an established protocol
disclosed in (Bader et al. 2016a, 2018a). The phantoms
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included agarose (3.7 g), deionized water (147.2 mlL),
n-propanol (12.8 ml), and evaporated milk (240 mlL).
Commercially available evaporated milk was gently stirred
on a hot plate to reach a final temperature of about 55° C.
Agarose powder (A9539 Sigma-Aldrich Co. St. Louis, Mo.,
USA) was dissolved into a 0.2 um filtered, deionized water
(NANOPure Diamond, Barnstead International, Dubuque,
Iowa, USA) and n-propanol solution by heating in 30
seconds increments in a microwave at 700 W power until
clear. The heated agarose/n-propanol solution was placed in
a heated (55° C.) ultrasonic cleaning bath for 30 minutes
while continuously evacuating at 50 kPa. The degassed
agarose/n-propanol solution was combined with the heated
evaporated milk, poured into a mold, and allowed to solidify
at 5° C. overnight. This formation has previously been
shown to replicate the density, sound speed, elastic modulus,
and frequency-dependent acoustic attenuation spectra of ex
vivo prostate tissue (Bader et al. 2016a). The phantoms
employed in this study reproduced the frequency-dependent
attenuation of prostate tissue (Bader et al. 2016a), a key
parameter of the bubble cloud behavior (Bader et al. 2018a).

[0171] The use of a phantom allowed specified, consistent
medium properties (Bader et al. 2016a) throughout the
experiment. Although this experiment was performed with
an in vitro approach, the results can apply to in vivo
application. For example, although a population of cavita-
tion nuclei of the phantoms may not replicate a population
of cavitation nuclei found in real tissue (which may affect
the threshold for individual bubble formation), bubble
dynamics initiated by highly shocked histotripsy excitations
are largely independent of an initial bubble diameter and
viscoelastic properties of the medium (tissue in in vivo
applications) (Maxwell et al. 2013, Bader and Holland
2016). Accordingly, such differences in cavitation nuclei
populations are not likely to materially affect bubble cloud
formation. As another example, lack of “scatterers” (e.g.,
ingredients which reflect ultrasound waves) used in the
phantom minimized the presence of cavitation nuclei as
compared to real tissue, but also resulted in a medium that
was more hypoechoic (i.e., lower echogenicity (lower ability
to “bounce an echo”/produce a backscatter signal) and
appears darker in images) than real tissue (Szabo 2004).

[0172]

[0173] Histotripsy pulses were generated with a 1-MHz
ultrasound transducer (transducer) having an 8-element
annular array (transducer elements) with a 10-cm aperture
and 9-cm focal length from Imasonic, Voray sur 1’Ognon,
France. The transducer elements were simultaneously driven
in parallel by a custom designed and built class D amplifier
and matching network described in (Hall and Cain 2006).
The transducer was calibrated in water at the focus of the
transducer for peak negative pressures up to 18.3 MPa with
a fiber optic hydrophone (FOPH 2000, RP Acoustics, e.K.,
Leutenbach, Germany) (Bader et al. 2016b). Direct calibra-
tion of the histotripsy transducer was not possible for greater
peak negative pressures due to cavitation, and the peak
negative pressure was estimated following the analytical
methods provided in Maxwell et al. (2013). A total of 2000
histotripsy pulses of 5, 10, or 20 ps duration were delivered
to each phantom at a pulse repetition frequency of 20 Hz
(resulting in 10, 20, or 40 ms total histotripsy exposure time,
respectively). The focal peak negative pressure of the pulse
was 12, 18, or 23 MPa, derated based on the acoustic
attenuation coefficient of the phantom assuming a 1-MHz

B. Histotripsy Insonation
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fundamental frequency (0.46 dB/cm) (Bader et al. 2016a).
The derated peak positive pressures were estimated follow-
ing the methods of Canney et al. (Canney et al. 2010) to be
77,105, and 123 MPa. The largest pressure level, beyond the
calibration of the transducer calibration, was estimated
based on numerical simulation (Rosnitskiy et al. 2017). The
insonation conditions employed in this study span those
previously employed for histotripsy (Maxwell et al. 2012,
Khokhlova et al. 2015).

[0174] C. Experimental Protocol

[0175] Phantoms were degassed for two hours in deion-
ized water at a partial pressure of 2 kPa, after which they
were affixed to a three-axis positioning system of TDCO001,
by Thorlabs Inc, Newton, N.J., USA, immersed in a tank of
degassed (20% dissolved oxygen), filtered (10-um pore size)
water. Bubble clouds generated by 5-us histotripsy pulses in
the water tank were visualized with plane wave B-mode
images acquired with an [.11-4v imaging array from Vera-
sonics, Inc., Kirkland, Wash., USA which was driven by a
research ultrasound scanner Vantage 128 from Verasonics,
Inc. The bubble cloud location in the image was denoted as
the free field focus of the histotripsy transducer, (Vlaisav-
ljevich et al. 2013b).

[0176] Referring to FIG. 9A, a side view of the experi-
mental set up for histotripsy bubble cloud generation in the
tissue mimicking phantom is illustrated. The L.11-4v imag-
ing array was oriented to monitor bubble cloud activity with
high frame rate imaging along a central axis (i.e., azimuth/
range plane of the imaging array) of the histotripsy trans-
ducer (9-cm focal length, 10-cm outer diameter). The his-
totripsy transducer and phantom were then positioned such
that the histotripsy transducer focus was at a depth of 2 cm
into the phantom. The distance between the imaging array
and the histotripsy focus was fixed at 3 cm. The output of the
imaging array was at this position was calibrated by a needle
hydrophone HNP-0400 from Onda Corporation, Sunnyvale,
Calif., USA.

[0177] During operation, a series of histotripsy pulses
(e.g., 2000 histotripsy pulses) were applied and the exposure
conditions were randomized. During the excitation sequence
of 2000 histotripsy pulses, a high frame rate plane wave
imaging sequence was triggered by the histotripsy electron-
ics. Referring to FIG. 9B, an exemplary timing diagram for
the acquisition of high frame rate plane wave B-mode
images following the histotripsy focal insonation is
depicted. In FIGS. 9C and 9D, exemplary diagrams illus-
trating pressure generated by histotripsy pulses over time for
the focal insonation period are depicted.

[0178] Frames (e.g., ultrasound image data) were acquired
from about 147 pus-179 us to 10 ms after the histotripsy focal
insonation at a rate of 11.5 kHz, and from 10 ms to 50 ms
at a rate of 1 kHz (142 frames total). Strong hyperechoic
interference patterns prevented acquisition of frames prior to
179 us post focal insonation. The imaging sequence was
acquired every 2007 histotripsy pulse due to data transfer
limitations, and to ensure observation of a new bubble cloud
when the imaging sequence was triggered. The peak nega-
tive pressure for the plane wave imaging sequence varied
between 420 kPa (lowest output for imaging array) and 6.7
MPa (highest output for imaging array).

[0179] D. Image Processing

[0180] Plane wave images were downloaded and analyzed
offline at the completion of each study. Pixels indicative of
bubble cloud were determined by applying Otsu’s method to
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the grayscale image via the ‘imbinarize’ function in MAT-
LAB, a registered trademark of The Mathworks, Natick,
Mass., USA, as shown in FIG. 10A. For each frame, the
bubble cloud area and mean grayscale values (e.g., intensity
values) were recorded. The azimuth position of the bubble
cloud, reported in terms of the bubble cloud centroid, was
also assessed (Haworth et al. 2015). The range of the
histotripsy transducer focus was fixed at 30 mm in the
imaging array plane as illustrated in FIG. 9A. Trends in the
bubble cloud area, azimuthal position, or grayscale with
time were computed using a Pearson correlation coefficient.
[0181] Referring to FIGS. 10A and 10B, representative
bubble cloud images acquired with the plane wave imaging
sequence of FIG. 9B are illustrated. In FIG. 10A, the
histotripsy pulse had parameters of a 10 us pulse duration
and an 18 MPa peak negative pressure and is propagating
left to right in the image. The pixel values are reported in
terms of dB relative to the maximum grayscale value, as
indicated in the colorbar of FIG. 10A. FIG. 10B depicts a
Binarized plane wave image of the image of FIG. 10A.
[0182] E. Computations of Gas Diffusion During Histo-
tripsy Excitation

[0183] The time-dependent bubble diameter was com-
puted numerically using a modified version of the Gilmore
equation, Equation (1), as described previously in (Church
1989, Bader and Bollen 2018). Briefly, an adaptive fourth-
order Runge-Kutta algorithm was implemented in MAT-
LAB to solve the modified version of the Gilmore model,
Equation (1):

1RRR31 RR2—1RHR1RRdH (n
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where R is the time dependent bubble radius, the diacritic
dot denotes the temporal derivative, and C is the sound
speed in the medium at the bubble wall. The enthalpy, H, is
defined by Equation (2) and in terms of the medium equation
of state:

P(R) ’ 1/m 2
H:f (P +B] aP (2)
P A
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where A, B, and m are defined following Lastman and
Wentzell (1981), and P, is the pressure far from the bubble
wall. The pressure at the bubble wall, P(R), is defined by
Equation (3) and in terms of the surface tension o, viscosity
u, shear modulus G, gas pressure P, and initial bubble radius

20 4uR 4G Ro\? (3)
P(R):PX_W_T_T[l_(F) ]
[0184] Soft tissues are the intended targets for histotripsy

ablation. Thus, Equation (3) varies from the equations in
Church (1989) through the addition of the last term, which
accounts for medium elasticity through the Kelvin-Voigt
model. The gas pressure is dependent on the time-varying
number of moles of gas in the bubble n, and was computed
following the methods of Church (1989).
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[0185] Analytic estimation of diffusion was computed
based on a high-frequency zero-order solution of the diffu-
sion equation (Eller 1965), Equation (4):
R )
c. lz)

n=no+8 /nDt<(R%)4>R§Co C_°_<(R£)4>

where n, is the initial number of moles of gas within the
bubble, D is the diffusion constant, t is time, C, is the
saturated gas concentration, and C,, is the gas concentration
in the medium. For histotripsy-induced bubble expansion,
the second term in the curly brackets is on the order of
~10"2, and can be neglected for even well-degassed media.
[0186] The angled brackets denote a time-averaged quan-
tity, and can be estimated analytically following Bader and
Holland (2016). Bubble growth for a multiple cycle histo-
tripsy pulse is most rapid over the first tensile (Bader and
Holland 2016), and the time-dependent bubble radius can be
estimated by Equation (5) as:

R=Ro+Vi )

where the bubble wall velocity V is as described by Apfel
(1981). Over the compressional phase of the histotripsy
pulse, the time-averaged bubble radius is approximately
equal to R, and the time-averaged quantity in Equation (4)
can be approximated in Equation (6) as:

(&) )~ (- o) ol )

where f, is the fundamental frequency of the histotripsy
pulse, and f,;is the frequency associated with the extended
tensile pulse of the shocked histotripsy waveform (see
Equation 7 in Bader and Holland (2016)). Beyond the first
cycle, the time-dependent bubble radius can be approxi-
mated as

2pac)
3p

8

where p, is the time-dependent acoustic pressure wave-
form. The time-averaged bubble radius to the fourth power
in Equation (4) can thus be estimated by Equation (7) as:

()l o s+ 22 ]

where T is the number of cycles of the histotripsy pulse, the
first term is the time-averaged bubble radius to the fourth
power over the first cycle as evaluated by Equation (6), and

[ 2Kpac)l
dR = T
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[0187] Utilizing Equation (6) for a single cycle pulse, or
Equation (7) for a multiple cycle pulse, in Equation (4) thus
provides an analytic assessment of the gas content of the
bubble for histotripsy-induced bubble expansion. Once the
number of moles n was computed analytically via Equation
(4) or numerically via Equation (1), the molar-dependent
equilibrium radius of the bubble, R,,, was computed by
Equation (8) as:

3kgTn 3 (8)

20
(rz)

Ron =

where k; is Boltzmann’s constant and T is the medium
temperature. The time for passive dissolution of the gas-
filled bubble assessed via Equation (8) was computed fol-
lowing Neppiras (1980).

[0188] The following values were used for the medium
properties: surface tension 0=0.056 N/m (Church et al.
2015, Holland and Apfel 1989), dynamic viscosity p=0.005
kg/m/s (Church et al. 2015, Holland and Apfel 1989), shear
modulus G=44 kPa (Bader et al. 2018a), and temperature
T=293 K. The diffusion constant D=1.94x10"° m*/s was
based on the movement of gases in agarose gels from (Muhr
and Blanshard 1982), and the saturated gas concentration
C,=0.822 mol/m® was based on air dissolved in water. The
gas concentration in the medium was set to 60% based on
the measured dissolved oxygen concentration of the solidi-
fying agarose/evaporated milk mixture. The diameter of the
bubble nucleus, 2R, was set to 20 nm to provide an upper
estimate for the maximum diameter of histotripsy-induced
cavitation based on (Bader and Holland 2016).

II. Results
[0189] A. Bubble Cloud Generation
[0190] For all insonation conditions, bubble clouds were

generated within the phantom. Typical observations of the
bubble cloud dynamics are displayed in FIG. 11. Referring
to FIG. 11, examples of high frame rate plane wave image
observations of histotripsy-induced bubble clouds are illus-
trated. In FIG. 11, a top row depicts a Five-cycle duration
histotripsy pulse, a middle row depicts Ten-cycle duration
histotripsy pulse, and a bottom row depicts a Twenty-cycle
duration histotripsy pulse. The time at which the image was
acquired after the conclusion of the histotripsy pulse is noted
in the upper right corner (top row only). The grayscale
colormap is reported in terms of decibels, normalized to the
maximum grayscale of the image acquired at 500 us for each
respective data set (i.e. each respective pulse duration). The
histotripsy pulse had a peak negative pressure of 18 MPa
(107 MPa peak positive pressure), and was propagating
from left to right in each image. The white line in the lower
right portion of the image corresponds to 5 mm (top left
most panel only). As shown in FIG. 11, the bubble cloud
persisted over the entire 50 ms observation period.

[0191] The azimuthal location of the bubble cloud, noted
by the centroid of the bubble cloud grayscale, changed on
average for all insonation by 3.8+3.1% (0.18+0.15 mm) over
50 ms, as shown in FIG. 12. Referring to FIG. 12, Azimuthal
position of the bubble cloud as a function of time for (A) 5
s, (B) 10 ps, or (C) 20 ps duration histotripsy pulse. The peak
negative pressure of the histotripsy pulse is noted in the
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legend. Error bars are representative of data throughout the
duration of image acquisition. Azimuthal positions are rela-
tive to the focus of the histotripsy source under linear
conditions, with negative values indicating movement
towards the transducer.

[0192] The area of the bubble cloud decreased on average
for all insonation conditions by 13.0x7.8% (12.6x10.1
mm?), as illustrated in FIG. 13. Referring to FIG. 13, bubble
cloud area as a function of time is depicted for (A) 5 us, (B)
10 ps, or (C) 20 us duration histotripsy pulses. The peak
negative pressure of the histotripsy pulses is noted in the
legend. Error bars are representative of data throughout the
duration of image acquisition. The changes in position and
area of the bubble cloud were statically significant for most
insonation conditions (p<0.05 except bubble cloud area for
the 20-us pulse duration with a 23-MPa peak negative
pressure pulse), though the changes in position and area are
not substantial over the time scale considered in FIG. 13.
[0193] B. Bubble Cloud Grayscale

[0194] The time-dependent bubble cloud grayscale values
for all insonation conditions are shown in FIG. 14. Referring
to FIG. 14, bubble cloud grayscale values as a function of
time for histotripsy pulses having a (A) 12 MPa, (B) 18
MPa, or (C) 23 MPa peak negative pressure are depicted.
The duration of the histotripsy pulse is noted in the legend.
Error bars are representative of data throughout the duration
of image acquisition. The grayscale values of the bubble
cloud remained within 1% over the first millisecond of data
collection after application of the histotripsy pulse. Over the
50 ms observation period, bubble cloud grayscale values
decreased on average by 30+10.1%. To characterize the
decrease in bubble cloud echogenicity, the time-dependent
grayscale value (GSV) was fit in the least-squares manner to
a function of the form:

GSvV
— =l-af ®
Go

where G, is the grayscale value at time t=0. The fitting
parameters o and f3, along with the goodness of fit metrics
coeflicient of determination and root mean squared error are
shown in Table 1. Over all insonation conditions, b was
found to be 0.54+0.09, and a was 0.04+0.01 236 normalized
GSV/s.

[0195] The time for dissolution of the bubble cloud was
computed via the fitting parameters of Eq. (9) as 1/a.*’P, and
is shown in FIG. 15. At 12 MPa peak negative pressure, the
bubble cloud dissolution time was similar for the 5 and 10
us duration histotripsy pulses, but was increase by a factor
of 2 for the 20 us pulse. For peak negative pressures 18 and
23 MPa, the bubble cloud dissolution time increased with
the duration of the histotripsy pulse. The bubble cloud
dissolution time increased with the peak negative pressure
for the 5 and 10 ps duration histotripsy pulses. For the 20 ps
histotripsy pulse, the bubble cloud dissolution time was
similar for the peak negative pressures 18 and 23 MPa.
[0196] Table 1 illustrates coefficients and parameters for
power law fit of the normalized bubble cloud grayscale
value (nGSV) as a function of time shown in FIGS. 17A and
17B and used in Equation (9). Goodness-of-fit parameters
coefficient of determination (r*) and the root mean square
error (RMSE) for the normalized bubble cloud grayscale
value (nGSV) are also reported.
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[0197] Referring to FIG. 15, computed time for complete
bubble cloud dissolution via the fitting parameters of Equa-
tion (9) as a function of the histotripsy insonation parameters
is illustrated. Error bars represent the 95% confidence inter-
val of the least-squares exponential fit to the measured
time-dependent bubble cloud grayscale.

TABLE 1
a [nGSV/sP) B [AU] 2 RMSE [nGSV]
5 ps
12MPa  0.02 (0.002)  0.72 (0.02) 0.996 0.005
18 MPa  0.05 (0.002)  0.52 (0.01) 0.989 0.011
23 MPa  0.04 (0.003)  0.54 (0.02) 0.997 0.005
10 ps
12MPa  0.04 (0.001)  0.60 (0.010)  0.994 0.008
18 MPa  0.04 (0.001)  0.51 (0.007)  0.995 0.005
23 MPa  0.04 (0.001)  0.50 (0.024)  0.994 0.006
20 ps
12MPa  0.05 (0.001)  0.50 (0.007)  0.994 0.006
18 MPa  0.06 (0.007)  0.41 (0.025)  0.989 0.007
23 MPa  0.03 (0.001)  0.52(0.015)  0.979 0.010
[0198] C. Modulation of Bubble Cloud Grayscale with

Imaging Pulse Amplitude

[0199] The time-dependent bubble cloud grayscale is
shown in FIG. 16 parametrically with the acoustic output
from the plane wave imaging pulse (with the peak negative
pressure of the plane wave B-mode pulse). Referring to FIG.
16, a normalized bubble cloud grayscale plot (e.g., normal-
ized grayscale values) as a function of time for a (A) 5 s,
(B) 10 ps, or (C) 20 ps duration histotripsy pulse of 23 MPa
peak negative pressure is shown. The peak negative pressure
of'the plane wave imaging pulse is noted in the legend. Error
bars are representative of data throughout the duration of
image acquisition. The peak negative pressure of the histo-
tripsy pulse was fixed at 23 MPa. The bubble cloud gray-
scale was decreased more rapidly with increasing output
from the imaging array.

[0200] Referring to FIGS. 17A and 17B, FIG. 17A is a
diagram illustrating complete bubble cloud dissolution time
as a function of peak negative pressure of the plane wave
imaging pulse, and FIG. 17B is a diagram illustrating a
fitting parameter of bubble cloud dissolution calculations as
a function of peak negative pressure of the plane wave
imaging pulse.

[0201] As shown in FIGS. 17A and 17B, time for the
bubble cloud dissolution was reduced by 87.4% (255.6 ms),
91.7% (573.2 ms), and 88.3% (749.0 ms) for the 5, 10, and
20 us pulse durations, respectively. The parameter § did not
decrease significantly with increasing output from the imag-
ing array (f=0.46 275+0.06). Because the parameter 3 is
about 0.5, the results indicate a diffusion process occurs at
all outputs of the imaging array. However, the term o
increased with increasing peak negative pressure of the
plane wave B-mode pulse as shown in FIG. 17B. Addition-
ally, the results indicate increased diffusion from the bubble
cloud because the term a increases with the output of the
imaging array.

[0202] The area of the bubble cloud decreased by 4.6+4.
9% (12.8+16.6 mm?) for all pressure levels of the imaging
array over the 50 ms data acquisition period, similar to that
observed for the low output fields in FIG. 13. The azimuthal
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position of the bubble cloud shifted by approximately 3%
(less than 1 mm) over the course of the 50 ms observation
period. Overall, these results indicate that while the
increased acoustic output from the imaging array decreases
the size of individual bubbles within the cloud as indicated
by the decrease in grayscale, translation or areal size
changes do not occur to the cloud as a whole.

[0203] D. Analytic Calculation of Bubble Dynamics
[0204] A comparison of numerical and analytic prediction
of the diffusion-dependent equilibrium bubble size as a
function of the histotripsy pulse duration is shown in FIG.
18. Referring to FIG. 18, comparisons of numerical results
(solid bars) and analytically predicted values (patterned
bars) of diffusion-dependent equilibrium bubble diameter as
a function of the histotripsy pulse duration are illustrated.
The peak negative pressure of the histotripsy pulse is noted
in the legend. The initial bubble diameter was 20 nm. As
shown in in FIG. 18, for all pulse durations, the predictions
of the analytic and numerical models are within 6.8+6.5%
(0.10£0.09 um) for the 16.1 and 18.3 MPa peak negative
pressure pulses. The analytic model overpredicts the bubble
size by 29.0£21.7% (0.29£0.23 pm) compared to the
numerical model for the 14.5 MPa pulse. The validity of the
analytic model is proven to predict bubble growth rate
accurately for multiple-cycle pulses with peak negative
pressures less than 14.7 MPa (Bader and Holland 2016). It
has been noted that such methods may overpredict when
predicting bubble growth rates at peak negative pressures
over 14.7 MPa (Bader and Holland 2016).

[0205] The dependence of the diffusion-dependent bubble
equilibrium diameter was computed analytically for the
insonation conditions considered in this study and is shown
in FIG. 19A. Referring to FIG. 19A, analytic prediction of
diffusion-dependent equilibrium diameter for insonation
conditions considered in this study is illustrated. For the
largest two peak negative pressures, the equilibrium bubble
diameter increased linearly with the duration of the histo-
tripsy pulse. For the lowest peak negative pressure (12
MPa), the tension was not sufficient to induce strong bubble
growth throughout the duration of the pulse (Bader and
Holland 2016).

[0206] The corresponding predicted time for passive
bubble dissolution is shown in FIG. 19B. Referring to FIG.
19B, prediction of passive bubble dissolution time based on
insonation condition-dependent bubble equilibrium bubble
diameter is illustrated. The bubble dissolution time increases
with peak negative pressure for a given pulse duration, and
with the pulse duration for a given peak negative pressure.
The bubble dissolution time increased with the peak nega-
tive pressure of the histotripsy pulse (for fixed pulse dura-
tions) or increased with the pulse duration (for fixed peak
negative pressures), consistent with experimental observa-
tions in FIG. 9A. For the 10- and 20-us excitations, the
predicted bubble dissolution time is longer than 50 ms (65
to 1333 ms), consistent with the trends observed in the
changes of bubble cloud grayscale in FIG. 15. In contrast,
the predicted dissolution time for bubbles excited by the
5-us pulses are between 13.2 and 21.6 ms.

I1I. Discussion

[0207] A. Bubble Cloud Dynamics

[0208] In this experiment, histotripsy-induced bubble
clouds were visualized with high frame rate plane wave
imaging. Plane wave imaging can also be utilized in opaque
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materials with modified the acousto-mechanical properties.
Here, studies focused on the change of the bubble cloud after
the histotripsy excitation.

[0209] One important interesting feature of the bubble
clouds observed in this study is the lack of interesting
behavior. The bubble cloud position appears stationary
within 3% over the observation period, with an approximate
13% reduction in the cloud area. The grayscale of the bubble
cloud, indicative of the size of residual bubbles, decreases
exponentially over a long time scale, as shown in FIG. 15.
[0210] Previous studies have noted the appearance of
residual bubble clouds between 30 and 50 ms post excitation
(Xu et al. 2007, Prieur et al. 2015, Bader et al. 2018a). The
primary bubble cloud collapses within 50-200 ps post exci-
tation. Thus, the bubble clouds captured here are comprised
of “residual bubbles” or “daughter bubbles” from the origi-
nal “mother” cloud. The presence of these slowly changing
bubble clouds may be sustained through diffusion of gas
from the surrounding media (Bader and Bollen 2018).
Diffusion operates over a relatively slow time scale (Nep-
piras 1980), as compared to coalescence, and consistent with
the slow decrease in the bubble cloud grayscale.

[0211] The presence of such residual bubble clouds miti-
gates the treatment efficacy of histotripsy, reactivating
bubble activity in discrete locations throughout the focal
zone (Wang et al. 2012). This has prompted the development
of' bubble modulation. For example, applying “bubble delet-
ing pulses” interleaved with therapeutic pulses to minimize
the influence of residual bubble clouds (Cain et al. 2015, Shi
et al. 2018). Here, a similar effect was observed with the use
of high output plane wave ultrasound waves during the high
frame rate plane wave image acquisition. Indeed, the decay
time and dissolution time decreased.

[0212] Using high frame rate imaging instead of a separate
source to force bubble dissolution has the advantage of
providing feedback of the residual bubble cloud reduction.
Indeed, the onset of subsequent pulses could be automated
based on grayscale information. Such a scheme would not be
possible with a separate bubble deleting source due to
constructive interference between the imaging fields and the
bubble deleting pulse.

[0213] Clinical implementation may dictate that the imag-
ing array be aligned confocally with the therapy source. As
the focal distance for most therapy sources is 2-3 times
longer (e.g. 60 mm or greater), the 6.25 MHz imaging pulse
utilized here will be attenuated significantly (Bader et al.
2016a).

[0214] It should be noted that most bubble deleting pulses
require pulses less than 3 MPa peak negative pressures to
coalesce residual bubbles (Shi et al. 2018), and it might be
possible to develop an optimized bubble deleting plane wave
sequence.

[0215] B. Analytic Predictions of Bubble Diffusion
[0216] Results from the analytic model for predicting
diffusion during histotripsy-induced bubble expansion were
in good agreement with numerical predictions for peak
negative pressures 16.1 and 18.3 MPa. There is a divergence
of the analytic and numerical predictions as the pulse
duration increased, likely due to additive errors in the
analytic model. The analytic prediction overestimates dif-
fusion for the 14.5 MPa case because the analytic model
over estimates bubble growth beyond the first cycle of the
histotripsy pulse (Bader and Holland 2016). Regardless, the
analytic and numerical predictions are within 6.8£6.5%
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(0.10£0.09 pum) for cases where the analytic model is valid.
Beyond ease and accessibility compared to numerical cal-
culations, analytic models provide a physical intuition as to
the important parameters that effect the bubble dynamics.
The identification of such parameters can help guide the
development of regulatory standards for emerging therapies
like histotripsy.

[0217] The trends of equilibrium diameter and bubble
dissolution time predicted by the analytic model in FIGS.
19A and 19B are consistent with trends observed in reduc-
tion in grayscale. However, the times for bubble dissolution
appear much shorter than would be anticipated based on the
dissolution times illustrated in FIG. 15. This may be in part
due to the nature of the analytic calculation, which models
the growth of a single bubble whereas a dense bubble cloud
is formed during the shock scattering process (Maxwell et al.
2011b). Thus, any bubble/bubble interactions such as coales-
cence would not be accounted for in the analytic model. The
analytic calculation models the growth of the bubble which
scatters the incident shock wave geometrically (Maxwell et
al. 2011b). While the initial scattering bubble experiences
the tension associated with the incident histotripsy pulse, the
tension of the shock scattered from the pressure release
boundary condition may be much greater (Maxwell et al.
2010). Larger tensions will lead to larger bubbles (Bader and
Holland 2016), and therefore longer diffusion times (Bader
and Bollen 2018).

IV. Summary

[0218] Owverall, the results indicate that high frame rate
imaging can be used to both monitor and modulate the
behavior of histotripsy bubble clouds during treatment (e.g.,
interleaved between histotripsy pulses). This is a benefit
over previous methods which only monitored the behavior
of bubble clouds in between histotripsy sessions or cycles,
e.g., after 2000 history pulses stop histotripsy and image.

V. Additional Methods

[0219] Additional experiments were conducted on tissue
mimicking phantoms subjected to therapeutic ultrasound to
determine bubble specific imaging and dissolution. Standard
plane wave imaging, pulse inversion imaging, and chirp-
coded excitation imaging were utilized to visualize bubble
clouds at a 2 kHz frame rate. For all imaging schemes, a
monotonic decrease in the bubble cloud grayscale was
observed over a 45 ms period following the histotripsy
insonation. The change in bubble cloud grayscale was
dependent on the imaging scheme, with faster grayscale
reduction for larger peak negative pressures of the imaging
pulse. Bubble-specific sequences resulted in faster decreases
in the bubble cloud grayscale compared with standard plane
wave imaging. Overall, these results highlight high-frame
rate imaging as a means to monitor and modulate histotripsy
bubble cloud dissolution.

[0220] A. Introduction

[0221] Ultrasound as a therapeutic modality has been
under development since the 1950s (O Brien et al. 2015).
Histotripsy is a focused ultrasound therapy that imparts
lethal mechanical damage to the target tissue via the gen-
eration of bubble clouds (Bader et al. 2019), and has the
potential to translate for the ablation of numerous patholo-
gies (Khokhlova et al. 2015). Bubble clouds that persisted
between histotripsy pulses generate damage at discrete loca-
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tions within the focal zone, leading to an incomplete tissue
disintegration (Wang et al. 2012). Thus, there is a need to
ensure the dissolution of bubble clouds between the appli-
cation of consecutive histotripsy pulses.

[0222] Diagnostic ultrasound imaging is the primary
modality for monitoring the hyperechoic histotripsy bubble
cloud. Conventional B-mode imaging requires tens of mil-
liseconds for image acquisition, over which time the bubble
cloud can undergo significant changes and multiple histo-
tripsy pulses may be applied (Maxwell et al. 2011b). Stan-
dard plane wave imaging employs all elements in parallel to
transmit and receive echoes, shortening the acquisition
sequence to less than 100 ps.

[0223] The standard plane wave sequence temporal reso-
Iution is sufficient to track bubble cloud dissolution (Bader
et al. 2019), which provides a potential means to provide
feedback for the histotripsy application rate. The imaging
pulse interacts with the bubble cloud, resulting in a faster
reduction in bubble cloud grayscale with larger peak nega-
tive pressures (Bader et al. 2019). Standard plane wave
imaging lacks bubble-specific contrast. Such bubble-specific
contrast would facilitate bubble cloud detection in an in vivo
heterogenous environment. The nonlinear oscillations
induced by bubble-specific imaging sequences may also
accentuate cloud dissolution (Church 1988).

[0224] Inthis study, histotripsy bubble clouds generated in
a tissue mimicking phantom were monitored with high
frame rate imaging. Sequences that were bubble inspecific
(standard plane wave) and bubble-specific (pulse inversion
and chirp-coded excitation) were explored. For each
sequence, the contrast-to-noise ratio and time-dependent
bubble cloud grayscale were tracked.

[0225] B. Methods and Materials
[0226] i. Experimental Set-Up
[0227] A focused source, having a 1 MHz fundamental

frequency, a 7.5 cm focal distance, and a 10 cm diameter was
driven by a class D amplifier (Hall et al. 2006), (Maxwell et
al. 2017) and was used to generate bubble clouds in a tissue
mimicking phantom (Bader et al. 2016a). Pulses of a 5 us
duration and a 25 MPa peak negative pressure were applied
at a 10 Hz rate. An L11-5v imaging array controlled by a
research ultrasound system (Vantage 128, Verasonics, Kirk-
land, Wash., USA) was oriented to monitor bubble cloud
activity along the central axis of the therapy source (similar
to as shown in FIG. 21). The imaging array acquired images
at a 2 kHz frame rate over a 45 ms duration following the
histotripsy excitation (similar to as shown in FIG. 20).
[0228] ii. Imaging Sequence

[0229] The bubble clouds were monitored with either
standard plane wave, pulse inversion, or chirp-coded exci-
tation schemes. For the plane wave and pulse inversion
acquisitions, the imaging pulse had a 5 MHz fundamental
frequency and 0.3 ps pulse duration. For chirp-coded exci-
tation imaging, the pulse bandwidth ranged from 4.8 to 6
MHz over a 2 us duration. For all sequences, the electrical
excitation provided to the imaging array was either 5 V or
25 V. Images were downloaded and processed offline. The
threshold grayscale value separating the bubble cloud from
background was determined via Otsu’s method. For each
frame (i.e. timepoint), the bubble cloud area and mean
grayscale value was tabulated.

[0230] FIG. 22 illustrates bubble clouds visualized in the
tissue phantom 10 ms after the histotripsy excitation with
(A) Standard plane wave imaging, (B) Pulse inversion

Sep. 10, 2020

imaging, and (C) Chirp-coded excitation sequence imaging.
The grayscale colormap is reported in terms of decibels,
normalized to the maximum grayscale value. The histotripsy
pulse propagates from left to right in the image.

[0231] C. Results
[0232] i. Bubble Cloud Tracking
[0233] Bubble clouds generated within the phantom were

readily visualized for all tested modalities, as indicated in
FIG. 22. For a given voltage applied to the imaging array, no
difference was observed in the bubble cloud area between
the three imaging schemes (p>0.05 by ANOVA analysis with
Tukey HSD post hoc correction). The contrast-to-noise ratio
was also not significantly different between the imaging
schemes. Both the bubble cloud area and contrast-to-noise
ratio were evaluated 10 ms following the histotripsy
insonation.

[0234] ii. Bubble Cloud Dissolution Profile

[0235] The 2 kHz frame rate utilized in this study had
sufficient temporal resolution to track bubble cloud disso-
Iution accurately (FIG. 23). FIG. 23 illustrates bubble cloud
grayscale as a function of time for (A) 5V, and (B) 25V
electrical excitations applied to the imaging array. The error
bars represent the standard deviation for all acquired data
sets for each respective arm (N=3 each arm). The grayscale
values are normalized to the peak pixel intensity for the first
frame acquired. A slow change in the mean bubble cloud
grayscale was observed over the 45 ms observation window
with all imaging schemes, with an overall reduction in the
bubble cloud grayscale by 50-80%.

[0236] To characterize the dissolution rate, the time to a
50% reduction in the bubble cloud grayscale was tabulated
for all experimental conditions (FIG. 24). FIG. 24 illustrates
the time to a 50% reduction in the bubble cloud grayscale for
each tested imaging sequence. The error bars represent the
standard deviation for each respective arm (N=3 each arm).
A larger electrical signal applied to the imaging array
resulted in a significant reduction in the time to 50% bubble
cloud grayscale for all the tested imaging sequences (p<O.
05). For a given voltage to the imaging array, the time to
50% bubble cloud grayscale was on average shorter for the
bubble-specific imaging sequences compared to the standard
plane wave imaging sequence. Chirp-coded excitation imag-
ing had the shortest observed time to a 50% reduction in
bubble cloud grayscale.

[0237] D. Discussion and Conclusions

[0238] In this study, histotripsy-generated bubble clouds
were visualized following the therapeutic excitation with
standard plane wave, pulse inversion, and chirp-coded exci-
tation imaging sequences. Because of the relatively long
dissolution time (Bader et al. 2019), the 2 kHz frame rate
employed in this study was sufficient to provide accurate
tracking of the bubble cloud over the 45 ms observation
window. Implementing high-speed feedback based on the
bubble cloud grayscale during the application of histotripsy
pulses would minimize the so-called cavitation memory
effect to ensure uniform ablation of the target tissue (Wang
et al. 2012). Such an imaging sequence could complement
coalescing bubble sequences (Shi et al. 2018), or be
employed on its own to reduce the burden of residual bubble
clouds (Bader et al. 2019).

[0239] The pulse inversion and chirp-coded excitation
sequences form images based on bubble-specific second
harmonic emissions, and should provide strong contrast of
the bubble cloud compared to standard plane imaging. No
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differences were noted in the contrast-to-noise ratio for the
imaging schemes investigated here. This may be in part due
to the low scatter phantom employed in this study (Bader et
al. 2016a), which resulted in a uniformly hypoechoic back-
ground. Future studies will investigate the ability of each of
these schemes to identify bubble clouds in a heterogenous
environment in vivo. The nature of histotripsy bubble activ-
ity may also have been a contributing factor in the observed
similarity of the contrast-to-noise ratio between the imaging
schemes. Histotripsy pulses can generate bubbles greater
than 100 pum in diameter (Vlaisavljevich et al. 2015).
Bubbles of this size may scatter the imaging pulse geometri-
cally (Bader et al. 2012), resulting in a relatively small
nonlinear signal.

[0240] The bubble cloud dissolution profile was influ-
enced by the imaging parameters, as indicated by the varia-
tion in the time to a 50% reduction in bubble cloud grayscale
(FIG. 24). The peak negative pressure of the imaging pulse,
proportional to the bubble cloud behavior, with chirp-coded
excitation schemes resulting in the shortest time to a 50%
reduction in the bubble cloud grayscale, and standard plane
wave imaging resulting in the longest time. There may be
multiple reasons for this observation. The nonlinear bubble
oscillations accentuated by bubble-specific sequences and
increased peak negative pressure of the imaging pulse will
enhance the diffusion of gas into the surrounding medium
(Church et al. 1988). The duration of the pulse inversion and
chirp-coded excitation schemes are two and ten times lon-
ger, respectively, than the standard plane wave sequence.
The extended duration of the bubble-specific sequences may
generate sustained nonlinear bubble oscillations and there-
fore a faster cloud dissolution rate (Bader et al. 2012). The
population of bubbles producing contrast from the bubble-
specific sequences will also vary from the standard plane
wave sequences, which may also account for the discrep-
ancy in the observed bubble cloud dissolution profile.

[0241] Overall, these results indicate the utility of bubble-
specific imaging sequences for monitoring histotripsy
bubble cloud dissolution. When implemented as a high
frame rate sequence, these imaging methods may provide
sufficient feedback for the application of histotripsy pulses
for uniform disintegration of the target tissue.

[0242] The above specification and examples provide a
complete description of the structure and use of illustrative
examples. Although certain aspects have been described
above with a certain degree of particularity, or with refer-
ence to one or more individual examples, those skilled in the
art could make numerous alterations to aspects of the present
disclosure without departing from the scope of the present
disclosure. As such, the various illustrative examples of the
methods and systems are not intended to be limited to the
particular forms disclosed. Rather, they include all modifi-
cations and alternatives falling within the scope of the
claims, and implementations other than the ones shown may
include some or all of the features of the depicted examples.
For example, elements may be omitted or combined as a
unitary structure, connections may be substituted, or both.
Further, where appropriate, aspects of any of the examples
described above may be combined with aspects of any of the
other examples described to form further examples having
comparable or different properties and/or functions, and
addressing the same or different problems. Similarly, it will
be understood that the benefits and advantages described
above may relate to one example or may relate to several
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examples. Accordingly, no single implementation described
herein should be construed as limiting and implementations
of the disclosure may be suitably combined without depart-
ing from the teachings of the disclosure.

[0243] The previous description of the disclosed imple-
mentations is provided to enable a person skilled in the art
to make or use the disclosed implementations. Various
modifications to these implementations will be readily
apparent to those skilled in the art, and the principles defined
herein may be applied to other implementations without
departing from the scope of the disclosure. Thus, the present
disclosure is not intended to be limited to the implementa-
tions shown herein but is to be accorded the widest scope
possible consistent with the principles and novel features as
defined by the following claims. The claims are not intended
to include, and should not be interpreted to include, means-
plus- or step-plus-function limitations, unless such a limi-
tation is explicitly recited in a given claim using the phrase
(s) “means for” or “step for,” respectively.
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1. A therapeutic ultrasound system comprising:

a transducer configured to emit therapy ultrasound waves

towards a therapy site;

an ultrasound imaging device configured to emit plane

wave ultrasound waves towards the therapy site; and

a controller coupled to the transducer and the ultrasound

imaging device, the controller configured to:

send an activation signal to the transducer;

send an activation signal to the ultrasound imaging
device;

receive image data from the ultrasound imaging device;
and

generate bubble cloud image data based on the received
image data.

2. The therapeutic ultrasound system of claim 1, wherein
the plane wave ultrasound waves are configured to cause
bubbles to diffuse into tissue of the therapy site, and wherein
the plane wave ultrasound waves comprise standard plane
waves, pulse inversion plane waves, or chirp-coded excita-
tion plane waves.

3. The therapeutic ultrasound system of claim 1, wherein
the controller is further configured to calculate bubble
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deletion during a treatment session, and wherein the treat-
ment session includes multiple cycles of the therapy ultra-
sound waves and the plane wave ultrasound waves inter-
leaved together.

4. The therapeutic ultrasound system of claim 1, wherein
the transducer is arranged orthogonal to the ultrasound
imaging device such that a focus direction of the transducer
is orthogonal to a focus direction of the ultrasound imaging
device.

5. The therapeutic ultrasound system of claim 1, wherein
the ultrasound imaging device is aligned confocally with the
transducer.

6. The therapeutic ultrasound system of claim 1, wherein
the ultrasound imaging device comprises a plane wave
B-mode device, and wherein the ultrasound imaging device
is further configured to:

receive a backscatter signal generated based on plane

wave ultrasound waves; and

generate the image data based on the backscatter signal.

7. The therapeutic ultrasound system of claim 1, wherein
the therapy ultrasound waves comprise pulses and have a
pulse length of 3-40 ps.

8. The therapeutic ultrasound system of claim 7, wherein
a fundamental frequency of the therapy ultrasound waves is
800 kHz to 1200 kHz, a pulse repetition frequency of the
pulses of the therapy ultrasound waves is 10-30 Hertz, or
both.

9. The therapeutic ultrasound system of claim 1, wherein
an exposure time of pulses of the therapy ultrasound waves
is 5-60 ms.

10. The therapeutic ultrasound system of claim 1, wherein
a peak negative pressure of the therapy ultrasound waves is
10-20 MPa.

11. The therapeutic ultrasound system of claim 1, wherein
a derated focal peak negative pressure of the therapy ultra-
sound waves is 10-30 MPa.

12. The therapeutic ultrasound system of claim 1, wherein
a derated peak positive pressure of the therapy ultrasound
waves is 50-150 MPa.

13. The therapeutic ultrasound system of claim 1, wherein
the ultrasound imaging device is configured to operate in a
B-mode and a plurality of image elements emit and detect at
the same time, and wherein a focus area of the ultrasound
imaging device is 2-4 centimeters.

14. The therapeutic ultrasound system of claim 1, wherein
apeak negative pressure of the plane wave ultrasound waves
is 300 kPA to 10 MPa.

15. The therapeutic ultrasound system of claim 1, wherein
the plane wave ultrasound waves comprise pulse inversion
plane waves, wherein a fundamental frequency of the pulse
inversion plane wave ultrasound waves is about 5 MHz, and
wherein a pulse duration of the pulse inversion plane wave
ultrasound waves is 0.3 ps.

16. The therapeutic ultrasound system of claim 1, wherein
a frame rate of the ultrasound imaging device is about 2 kHz.

17. The therapeutic ultrasound system of claim 1, wherein
the plane wave ultrasound waves comprise chirp-coded
excitation waves, wherein a pulse bandwidth of the chirp-
coded excitation waves is between 4.8 to 6 MHz, and
wherein an application duration of the chirp-coded excita-
tion waves is 2 Ls.

18. The therapeutic ultrasound system of claim 1, further
comprising a three axis positioning device configured to
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adjust the transducer, the ultrasound imaging device, the
therapy site, or a combination thereof.

19. The therapeutic ultrasound system of claim 1, wherein
the controller is further configured to adjust parameters of
the transducer, the ultrasound imaging device, or both based
on the bubble cloud image data.

20. A method comprising:

applying therapy ultrasound waves towards a therapy site;

applying plane wave ultrasound waves towards the

therapy site;

receiving, a backscatter signal from the therapy site based

on the plane wave ultrasound waves;

generating image data based on the backscatter signal;

and

outputting the image data based on the backscatter signal.

21. The method of claim 20, further comprising:

applying second plane wave ultrasound waves towards

the therapy site;

generating second image data based on a second back-

scatter signal; and

calculating bubble deletion parameters based on the

image data and the second image data.

22. The method of claim 21, wherein the plane wave
ultrasound waves have a higher frequency than the second
plane wave ultrasound waves, and wherein the second plane
wave ultrasound waves are applied after the plane wave
ultrasound waves.

23. The method of claim 22, wherein the plane wave
ultrasound waves are applied 10 ps to 179 ps after the
therapy ultrasound waves.

24. The method of claim 23, wherein the second plane
wave ultrasound waves are applied 10 ms after the therapy
ultrasound waves.

25. The method of claim 24, wherein multiple backscatter
signals are received over a 10-50 ms imaging period based
on a plurality of pulses of the second plane wave ultrasound
waves and a plurality of pulses of the second plane wave
ultrasound waves, and further comprising generating mul-
tiple frames of image data based on the multiple backscatter
signals.

26. The method of claim 24, wherein applying the plane
wave ultrasound waves, the second plane wave ultrasound
waves, or both, is configured to cause bubble modulation in
tissue of the therapy site.

27. The method of claim 26, wherein the bubble modu-
lation reduces a size of bubbles in a bubble cloud formed in
tissue of the therapy site, and wherein reducing the size of
the bubbles provides for more uniform and controlled treat-
ment.

28. The method of claim 20, further comprising:

applying multiple cycles of the therapy ultrasound waves

and the plane wave ultrasound waves in a treatment
session;

generating bubble cloud deletion data based on the image

data and second image data; and

adjusting the therapy ultrasound waves, the plane wave

ultrasound waves, or both, over the multiple cycles and
based on the bubble cloud deletion data.

29. The method of claim 20, further comprising bright-
ness mode converting the image data to generate a grayscale
bubble cloud image.

30. The method of claim 29, further comprising binarize
converting the grayscale bubble cloud image to generate a
binarized bubble cloud image.
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31. A controller comprising:

a processor; and

a memory coupled to the processor and configured to

store instructions, that when executed by processor

cause the processor to:

send an activation signal to an ultrasound therapy
device;

send an activation signal to an ultrasound imaging
device, the activation signal configured to cause the
ultrasound imaging device to emit plane wave ultra-
sound waves;

receive image data from the ultrasound imaging device;
and

generate bubble cloud image data based on the received
image data.

32. The controller of claim 31, wherein the instructions
further cause the processor to send control signals to a three
axis positioning system, the control signals configured to
cause the three axis positioning system to adjust a position
or orientation of the ultrasound therapy device, the ultra-
sound therapy device, a therapy site, or a combination
thereof.

33. A method comprising:

sending, by a controller, an activation signal to an ultra-

sound therapy device;

sending, by the controller, an activation signal to an

ultrasound imaging device, the activation signal con-
figured to cause the ultrasound imaging device to emit
plane wave ultrasound waves;

receiving, at the controller, image data from the ultra-

sound imaging device; and

generating, by the controller, bubble cloud image data

based on the received image data.

34. The method of claim 33, further comprising generat-
ing one or more timing pulses, wherein the activation signal
to the ultrasound therapy device, the activation signal to the
ultrasound imaging device, or both are generated based on
the one or more timing pulses.

35. A non-transitory computer readable medium compris-
ing instructions, that when executed by a processor, cause
the processor to:

generate a timing pulse;

send a trigger signal to a transducer based on the timing

pulse, the trigger signal configured to cause the trans-
ducer to apply a therapeutic ultrasound signal;

send a trigger signal to an image device based on the

timing pulse, the trigger signal configured to cause the
image device to apply a plane wave ultrasound signal
and receive a backscatter signal;

receive image data from the image device, the image data

based on the backscatter signal; and

calculate a bubble cloud based on the image data.

36. The non-transitory computer readable medium of
claim 35, wherein the instructions further cause the proces-
sor to output the bubble cloud.

37. The non-transitory computer readable medium of
claim 35, wherein the instructions further cause the proces-
sor to:

calculate a second bubble cloud based on second image

data; and

calculate bubble deletion based on the bubble cloud and

the second bubble cloud.

38. The non-transitory computer readable medium of
claim 35, wherein the instructions further cause the proces-
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sor to adjust a parameter of the transducer of a therapeutic
ultrasound device based on the bubble cloud, based on a
bubble deletion rate, based on bubble size, or a combination
thereof.

39. The non-transitory computer readable medium of
claim 38, wherein the parameter is a therapeutic parameter,
and wherein the therapeutic parameter includes trigger tim-
ing, pulse length, frequency, or intensity.

40. The non-transitory computer readable medium of
claim 35, wherein the instructions further cause the proces-
sor to adjust a parameter of the image device based on the
bubble cloud, based on a bubble deletion rate, or a combi-
nation thereof.

41. The non-transitory computer readable medium of
claim 40, wherein the parameter is an imaging parameter,
and wherein the imaging parameter includes trigger timing,
pulse length, frequency, or intensity.

42. A therapeutic ultrasound system comprising:

a transducer configured to emit therapy ultrasound waves

towards a therapy site;

an ultrasound imaging device configured to emit pulse

inversion plane wave ultrasound waves towards the
therapy site; and

a controller coupled to the transducer and the ultrasound

imaging device, the controller configured to:

send an activation signal to the transducer;

send an activation signal to the ultrasound imaging
device;

receive image data from the ultrasound imaging device;
and

generate bubble cloud image data based on the received
image data.

43. The therapeutic ultrasound system of claim 42,
wherein a fundamental frequency of the pulse inversion
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plane wave ultrasound waves is about 5 MHz, wherein a
pulse duration of the pulse inversion plane wave ultrasound
waves is 0.3 us, and wherein the pulse inversion plane wave
ultrasound waves are configured to cause bubbles to diffuse
into tissue of the therapy site.

44. The therapeutic ultrasound system of claim 42,
wherein a frame rate of the ultrasound imaging device is
about 2 kHz.

45. A therapeutic ultrasound system comprising:

a transducer configured to emit therapy ultrasound waves

towards a therapy site;

an ultrasound imaging device configured to emit chirp-

coded excitation imaging waves towards the therapy
site; and

a controller coupled to the transducer and the ultrasound

imaging device, the controller configured to:

send an activation signal to the transducer;

send an activation signal to the ultrasound imaging
device;

receive image data from the ultrasound imaging device;
and

generate bubble cloud image data based on the received
image data.

46. The therapeutic ultrasound system of claim 45,
wherein a pulse bandwidth of the chirp-coded excitation
imaging waves is between 4.8 to 6 MHz, wherein an
application duration of the chirp-coded excitation imaging
waves is 2 us, and wherein the chirp-coded excitation
imaging waves are configured to cause bubbles to diffuse
into tissue of the therapy site.

47. The therapeutic ultrasound system of claim 45,
wherein a frame rate of the ultrasound imaging device is
about 2 kHz.



