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(57) Abstract: A method for treating a medical pathology in-
cludes receiving a first set of acoustic radiation scattered by a
volume of tissue containing at least a portion of the medical
pathology and thereafter, changing a temperature of the vol-
ume of tissue. The method also includes thereafter, receiving
a second set of acoustic radiation scattered by the volume of
tissue and localizing the portion of the medical pathology from
the first and second sets of received acoustic radiation. Localiz-
ing the portion of the medical pathology comprises identifying
the medical pathology from differences in the first and second
sets of received acoustic radiation resulting from the change in
temperature. The method also includes insonifying the portion
of the medical pathology with sufficient energy to damage the
portion of the medical pathology
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METHOD AND SYSTEM FOR COMBINED DIAGNOSTIC AND
THERAPEUTIC ULTRASOUND SYSTEM INCORPORATING
NONINVASIVE THERMOMETRY, ABLATION CONTROL AND
AUTOMATION

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] This application is a non-provisional of and claims the benefit of U.S. Provisional
Patent Application No. 60/381,022 (Attorney Docket No. 020222-001400US), filed on May
16, 2002 entitled METHOD AND APPARATUS FOR COMBINED DIAGNOSTIC AND
THERAPEUTIC ULTRASOUND SYSTEM INCORPORATING NONINVASIVE
THERMOMETRY, ABLATION CONTROL AND AUTOMATION, the entire disclosure of
which is herein incorporated by reference for all purposes. This application is a continuation-
in-part of and claims the benefit of U.S. Patent Application No. 10/323,467 (Attorney Docket
No. 020222-000900US), filed on December 18, 2002, entitled “DIAGNOSTIC ANALYSIS
OF ULTRASOUND DATA,” and is a continuation-in-part of and claims the benefit of U.S.
Patent Application No. 10/323,354 (Attorney Docket No. 020222-000800US), filed on
December 18, 2002, entitled “COMPUTERIZED ULTRASOUND RISK EVALUATION
SYSTEM,” the entire disclosures of which are herein incorporated by reference for all

purposes.

[0002] This application is related to co-pending, commonly assigned U.S. Patent
Application No. 09/994,025 (020222-000111), filed November 26, 2001, the entire disclosure
of which is incorporated herein by reference in its entirety. This application also is related to
U.S. Patent Application No. 09/809,961, entitled “DYNAMIC FOCUSING OF
ULTRASOUND FOR MASS REMOVAL IN TISSUE,” filed March 14, 2001 by James V.
Candy and to U.S. Provisional Patent Application No.. 60/348,018, entitled “DYNAMIC
ACOUSTIC FOCUSING FOR NONINVASIVE TREATMENT,” filed November 8, 2001
by James V. Candy, the entire disclosures of which are incorporated herein by reference for

all purposes.

BACKGROUND OF THE INVENTION
[0003] The present invention relates generally to imaging systems. More particularly, the

present invention relates to ultrasound imaging systems with therapeutic capabilities.
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[0004] There are a number of disadvantages associated with various imaging systems that
are currently in use, particularly when used for medical applications. For example, a number
of imaging techniques, such as x-ray imaging, mammography, and computed tomographic
(CT) scans, use ionizing radiation that presents a risk of cell mutation when used medically.
Also, CT scans and magnetic resonance imaging (MRI) techniques both involve procedures
that are relatively expensive, a factor that by itself acts to some degree to limit their use. A
significant disadvantage of methods such as mammography is that they rely on two-
dimensional images that may disguise three-dimensional structure information that can be

critical for diagnosis.

[0005] As an alternative to these imaging technologies, the medical community has looked
to ultrasound for providing a safe, low-cost, high-resolution imaging tool. Further, some
have reported that ultrasound may be used in advantageous ways for therapeutic benefits.

These benefits, however, have not been fully realized.

[0006] There is, therefore, a need for systems and methods that provide improved diagnosis

and therapy using ultrasound.

BRIEF SUMMARY OF THE INVENTION
[0007] Embodiments of the invention thus provide a method of treating tissue comprising a
medical pathology. The method includes receiving, in a first diagnostic session, acoustic
signals scattered from the tissue with a plurality of acoustic detectors disposed to at least
partially surround at least a portion of the tissue. The method also includes delivering, in a
therapeutic session, therapy to the medical pathology, and thereafter, in a second diagnostic
session, evaluating the effect of the therapy on the medical pathology by receiving acoustic
signals scattered from the tissue with the plurality of acoustic detectors. The first and second
diagnostic secessions are comprised by a single diagnostic/therapy session and occur
substantially contemporaneously with each other. At least one of the diagnostic sessions may
include deriving a temperature-related diagnostic parameter from the received acoustic

signals.

{0008] In other embodiments, a method for treating a medical pathology includes receiving
a first set of acoustic radiation scattered by a volume of tissue containing at least a portion of
the medical pathology. The method also includes thereafter, changing a temperature of the

volume of tissue, and thereafter, receiving a second set of acoustic radiation scattered by the
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volume of tissue. The method also includes localizing the portion of the medical pathology
from the first and second sets of received acoustic radiation. Localizing the portion of the
medical pathology may include identifying the medical pathology from differences in the first
and second sets of received acoustic radiation resulting from the change in temperature. The
method also includes insonifying the portion of the medical pathology with sufficient energy
to damage the portion of the medical pathology. Insonifying the portion of the medical
pathology may include focusing acoustic radiation onto the portion of the medical pathology.
Focusing the acoustic radiation may include simulating propagation of a divergent acoustic
wave from a source positioned at a location of the portion of the medical pathology,
determining an intensity of the simulated divergent acoustic wave at locations of acoustic
sources, and activating the acoustic sources to produce a corresponding acoustic wave

convergent on the location of the portion of the medical pathology.

[0009] In still other embodiments, the a system for treating a medical pathology includes a
sensing system configured to receive acoustic radiation scattered by a volume of tissue
containing at least a portion of the medical pathology. The sensing system may includes
sensors adapted to be disposed to at least partially surround the tissue. The system also
includes a transmitting system configured to direct acoustic radiation at the medical
pathology. The transmitting system includes transmitters adapted to be disposed to at least
partially surround the tissue. The system also includes a processing system programmed to
process information representative of the received acoustic radiation and generate an acoustic
image of the tissue, simulate propagation of a divergent acoustic wave from a source
positioned at a location of the portion of the medical pathology determine an intensity of the
simulated divergent acoustic wave at locations of the transmitters, and activate the
transmitters to produce a corresponding acoustic wave convergent on the location of the
portion of the medical pathology. The processing system may be further programmed to
localize the portion of the medical pathology from multiple sets of received acoustic

radiation.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] A further understanding of the nature and advantages of the present invention may
be realized by reference to the remaining portions of the specification and the drawings
wherein like reference numerals are used throughout the several drawings to refer to similar

components.

[0011] Figure 1 illustrates a schematic diagram of an exemplary system according to

embodiments of the invention.

[0012] Figure 2A illustrates a sensor system according to embodiments of the invention.
[0013] Figure 2B illustrates an example of a ring transducer array.

[0014] Figure 2C illustrates an example of a ring transducer assembly.

[0015] Figure 2D illustrates an example of a ring transducer in uée.

[0016] Figure 2E illustrates an example of a paddle transducer array.

[0017] Figure 2F illustrates an example of a'paddle transducer in use.

[0018] Figure 2G illustrates an example of a paddle transducer system incorporating
coupling bladders.

[0019] Figure 3 illustrates a schematic diagram of a data acquisition and control system

according to embodiments of the invention.

[{0020] Figure 4 is a schematic illustration of time-reversal focusing.
[0021] Figure 5 is a schematic illustration of model-based focusing.
[0022] Figure 6 illustrates two examples of staggered tissue ablation.

[0023] Figure 7 illustrates an example of focused US-based tissue ablation combined with

other therapies.

[0024] Figure 8 illustrates a method according to embodiments of the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

Introduction:

[0025] Embodiments of the invention are directed generally to methods and systems for
examining an object under study, such as tissue. Further, embodiments of the invention are
directed toward systems and methods that employ acoustic radiation, such as ultrasound, to
both diagnose and treat medical pathologies. Such diagnosis and treatment may employ

temperature-related parameters to enhance discrimination among various tissue types.

System Overview:

[0026] Attention is directed to Fig. 1, which illustrates one embodiment of a system 100
according to the present invention. The system 100 includes a sensor system 102, a data
acquisition and control system 104, and a reconstruction and display computer system 106,
each of which will be described more fully hereinafter. The individual components are
configured for communication via connections 108, 110, which may be electrical
connections, optical connections, radio frequency (RF) connections, or the like, or any such
combination. In a specific embodiment, connection 110 is an Ethernet connection.
Previously-incorporated U.S. Patent Application No. 10/323,467 describes embodiments of
similar systems in greater detail. Those skilled in the art will realize that the system 100 is
exemplary and that other embodiments may be designed to operate according to the teachings

of the present invention.
Sensor System:

[0027] The sensor system 102 may be any of a variety of embodiments that position
transducers within sufficient proximity to tissue and thereby provide for the transmission and

receipt of acoustic radiation. Fig. 2A illustrates the sensor system in greater detail.

[0028] The sensor system 102 includes a plurality of sensors 202, only one of which is
illustrated in Fig. 2A for clarity. The sensors 202 typically are deployed in an array, as will
be described. In some embodiments, the array is configured for movement with respect to
tissue under study such that a plurality of 2-D data slices obtained from multiple perspectives
may be reconstructed to form a 3-D image. Such systems are more fully described in
previously-incorporated in U.S. Patent Application No. 10/323,467. In other embodiments,
the sensor array is of sufficient size that the sensors may capture a number of 2-D slices

without having to move the array with respect to the tissue.
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[0029] Each sensor 202 is connected to the data acquisition system via interface electronics
204. The interface 204 includes a switch 206 that sets the sensor for either of a transmit or
receive mode. The position of the switch is determined by a SBC 208 (Single Board
Computer), or other appropriate computing device. In the transmit mode, the SBC receives a
signal from the control system instructing that an ultrasonic pulse should be emitted. The
SBC 208 initiates the pulse by sending a signal to a digital-to-analog converter 210 which
shapes the pulse. The DAC 210 sends the signal to a power amplifier 212 that generates
sufficient power for the pulse. The now-amplified signal travels through the switch 206, to

the sensor 202, and into the tissue.

[0030] In a specific embodiment, a transmit system consists of digital waveform storage,
digital-to-analog conversion, linear power amplification to drive the transducer elements, and
a high voltage multiplexer to select the desired element(s). The transmit waveform is stored
in memory internal to a FPGA (Field Programmable Gate Array). The waveform is clocked

~ out to a DAC at a clock rate and timing as determined by the programming of the system, as
set up by the prototype user. A linear power amplifier is used to provide the necessary
element drive. High voltage multiplexer switches, such as the Supertex 20220 eight channel
device, may steer the transmit signal to the desired element. The transmit system may be
capable of generating diagnostic waveforms for electrical loopback testing and calibration of

the analog transmit/receive (T/R) chain.

[0031] Returning to Fig. 2A, in the receive mode, the SBC sets the switch 206 accordingly.
The sensor fletects a signal, which is sent to a filter 214 via the switch 206. The filter 214
removes unwanted information, such as interference, and passes the useful information to a
signal conditioner 216. The signal conditioner 216 may, among other things, convert an
analog signal to a digital signal, process the signal to extract useful information from various
frequency bands of the signal, and appropriately buffer the information for transmission to
the data acquisition system. At the appropriate time, the information may be read out of a

buffer by the SBC and transmitted to the data acquisition system.

[0032] In a specific embodiment, the receive signal conditioning path from the transducer
element consists of a T/R switch, a low noise preamp, TGC (Time Gain Control) amplifier,
anti-aliasing low pass filters, and an ADC. The T/R switch is a biased diode bridge which
blocks large amplitude transmitted signals, but allows receive signals of amplitudes on the

order of 1 volt or less to pass to the preamplifier. The low noise preamplifier and TGC
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amplifier are embodied in a number of commercial IC's. In this embodiment, a device such as
the Analog Devices AD8332 may be used to support the required dynamic range. The TGC
output stage drives anti-aliasing low-pass filters to a 12-bit ADC, such as the Analog Devices
ADI9235. The ADC data may be multiplexed in groups of four into the FPGA to allow
reduced I/O port usage on the FPGA. The FPGA supports the higher data rates. This data
may be written to standard PC133 SDRAM, or similar standard PC RAM to allow for
economical data storage. Average writing rates of 40MW/sec with 64-bit width supports 16
channels data streaming. Those skilled in the art will realize other embodiments of an

electrical interface 500 that may perform the function of the present invention.

[0033] Returning to Fig. 2A, the sensor system 102 also includes, in some embodiments, a
motion control subsystem 218. The motion control subsystem 218 receives power, and
timing and control information from the data acquisition and control system 104, as will be
described. The motion control system 218 moves the sensor array with respect to the tissue

being examined.

[0034] As previously mentioned, the sensors 202 typically are arranged in an array. The
array may be two-dimensional or three-dimensional. For example, a two~-dimensional array
may include 32 sensors arranged in a circular configuration or in an opposing “paddle”
configuration, each of which will be described in greater detail. In other embodiments, the
32-sensor arrays may be duplicated in the third dimension to create a three-dimensional array.
Other embodiments may include fewer or greater numbers of sensors and may be arranged in

different configurations.

Ring Transducer

[0035] In one embodiment the sensor system 102 is a ring transducer system. In another
embodiment, the sensor system is a paddle transducer system. An embodiment of a ring

transducer system is illustrated in Fig. 2B.

[0036] Fig. 2B illustrates a cross-sectional view of a ring transducer array 220. The ring
transducer array 220 includes an array of individual sensors 222 and a supporting
infrastructure 224. The sensors 222 surround, at least partially, an opening 226 in which
tissue to be examined may be placed. Although illustrated as being circular, the ring
transducer array 220 may have a multi-faceted polygonal shape, may be elliptical, or may

even not be a closed figure in some embodiments.
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[0037] As illustrated in Fig. 2C, the ring transducer array 220 may be mounted in a
mechanical system 230 that provides, in some embodiments, motion via a software-
controlled stepper motor system or other similar drive system 232. The mechanical system
230 includes an acoustic array support 234, which is adapted to receive a ring transducer
acoustic array 220 as a modular insert. Thus, for example, an appropriately sized acoustic
array 220 may be selected based on the size of the tissue to be examined so as to provide
sufficient acoustic contact between the individual sensors comprised by the array and the
tissue to be examined. A large acoustic array 220-1 and a small acoustic array 220-2 are
illustrated. Other sizes of acoustic arrays may be used, which may be both smaller and larger
than those illustrated. The mechanical system 230, including the acoustic array 220, may

operate within a fluid bath, such as a water bath, as will be described.

[0038] The drive system 232 may be, for example, a threaded rod that transports the
acoustic array 220 vertically with respect to the tissue to be examined. Other types of drive
systems are possible and may be designed to transport the acoustic array 220 in different
directions or combinations of directions. The drive system 232 allows the system to acquire a

series of ultrasound 2-D slices that combine to make a 3-D data set.

[0039] In a specific embodiment, the ring transducer may be designed according to the

following specifications:

Number of elements 256

Geometry equally spaced on 15cm diameter circle
(1.84 mm pitch), or alternately, on linear
segments of a 16-sided inscribed polygon. In
either case, the actual positions of the
transducer elements may be known within
0.2 mm within the imaging plane of the

transducer.

Center frequency f0 2 MHz within & 5% average over all
: elements

within + 10% for any individual element

Bandwidth 60% f0 minimum, each element (-6 db
transmit/receive)

Pulse ringdown (-20db) 1.8us maximum

Element sensitivity variation over array within 3db band

Element angular response (at fO in plane of - 6db max. at + 60 degrees
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circle)

Element width (reference only) 0.5 mm approx

Element elevation focus depth 75x1cm

Elevation beam width at focus 3 mm

Nominal element height (reference only) 15 mm

Electrical interface separate, identical cables for each 16
element sections

Mechanical interface ring transducer elements/ array sections
mounted within a supporting ring structure.
This ring structure will be secured in the ring
support as illustrated in Figure 4.4.

[0040] Fig. 2D illustrates one possible arrangement of an embodiment of the present
invention using a ring transducer system. A patient 240 lies on an examining table 242. The
tissue to be examined, in this case a breast 244, protrudes through a hole in the examining
table. A ring transducer 246 surrounds the breast. A fluid bath 248 aid in acoustically
coupling the transducer to the breast. During examination and/or treatment, a drive system

250 moves the transducer with respect to the breast.

[0041] In a specific embodiment, the drive system 250 provides electrical control of
vertical motion, but is otherwise fixed within the fluid bath. In such embodiments, the
transducer cabling may be routed over the upper edge of the water bath. The lead screw
actuator for the vertical drive may be the sole fluid boundary penetration for this assembly.
The motor drive for the assembly may be below the fluid bath.. Electrical cables for limit

switches, etc. located inside the fluid bath may also be routed over the upper edge of the bath.

Paddle Transducer

[0042] Fig. 2E illustrates a cross-sectional view of a paddle transducer array 260. Like the
ring transducer array 220, the sensors 262 of the paddle transducer array 260 surround, at
least partially, an opening 264 in which the tissue to be examined may be placed. The paddle
transducer array 260 includes two individual paddles 266 that may be adjusted with respect to
one another. The paddle transducer array 260 may have a different acoustic geometry than
the ring transducer array 220, but may be designed to be electrically equivalent. That is, the
paddles 266 of a paddle architecture may function with the same electronic subsystem as the

ring transducer array 220.
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[0043] In a specific embodiment, a paddle transducer system may be designed according to

the following specifications:

Center frequency 0 2 MHz within + 5% average over all
elements
within £ 10% for any individual element
Bandwidth 60% f0 minimum, each element (-6 db

transmit/receive)

Pulse ringdown (-20db)_

1.8us maximum

Element sensitivity variation over array

within 3db band

Element angular response (at f0 in plane of
circle)

- 6db max. at + 60 degrees

Element width (reference only)

0.5 mm approx

Element elevation focus depth 75+1cm
Elevation beam width at focus 1.5 mm
Nominal element height (reference only) 15 mm

Electrical interface separate, identical cables for each 16

element sections

paddle arrays constructed in a modular
fashion to allow simple mounting in the
paddle mechanical assembly, and to allow
relatively simple change of transducer arrays
with minimal or no change in the basic
paddle mechanical structure and control
mechanisms.

Mechanical interface

[0044] Fig. 2F illustrates one possible arrangement of an embodiment of the present
invention using a paddle transducer system. As with the arrangement described with respect
to Fig. 2D, a patient’s breast is examined. In this case, however, the breast is placed between
two paddles 280 of the paddle transducer array 282. The paddles 280 méy be adjusted to
directly contact the tissue, thereby providing sufficient acoustic coupling to avoid the use of a
fluid bath. This embodiment may, however, benefit from some type of medium (e.g., gel) to
enhance the acoustic coupling. The paddle transducer system may be configured for
movement with respect to the tissue to be examined or may be fixed. Embodiments of a
paddle transducer system are described more fully in previously-incorporated U.S. Patent

Application No. 10/323,467.

10
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[0045] Fig. 2G illustrates an example of a paddle transducer system incorporating
acoustically-coupling, pliable bladders. The bladders, which are filled with a medium that is
acoustically matched to the transmission medium improve contact between the tissue under
examination and the transducer array. In this example, lateral bladders 290 extend along the
paddles 280, while removable bladders 292 are placed on either side of the tissue under
examination 294. By filling the void that may otherwise exist between the paddles on either

side of the tissue, less interference corrupts acoustic signals traversing these regions.
Data Acquisition and Control System:

[0046] Fig. 3 illustrates one exemplary embodiment of a data acquisition and control
system 104 according to embodiments of the present invention. The data acquisition and
control system 104 includes one or more interface connections 302 between individual
sensors or groups of sensors in the sensor system 102 and channel boards 304. The channel
boards 304 receive timing and control signals from a timing and control subsystem 306, as
will be described, and thereby operate the sensors of the sensor system. The channel boards
304 are also interfaced to a backplane 308. The data acquisition and control system 104 also

includes a power subsystem 310, and a computer subsystem 312.

Channel Board

[0047] EBach channel board 304 provides for transmit excitation, signal conditioning, and
data storage for one or more sensors. Each board may plug into an appropriately-configured
backplane 308. Each board may function independently of other channel boards in the

system.

[0048] In a specific embodiment, each board contains an FPGA which provides all of the
real time control of timing, transmit, acquisition functions, and data memory interface. The
FPGA firmware is stored in flash memory on the board, or downloaded from the Compact
PCI computer. The FPGA generates all clocks and timing local to the channel board from the

system clock and synchronization provided to each board.

Timing and Control Subsystem

[0049] The timing and control subsystem 306 provides basic clock and synchronization
information among the multiplicity of independent channel board assemblies. The signals,

programmed under control from the computer 312, are synchronized among all of the channel

11
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boards. The boards then each generate locally the timing, waveforms, and acquisition

appropriate for the programmed acoustic line.

[0050] In addition to an internal programmed timing mode, the system may be capable of
external triggering and gating. This capability allows for cardiac gated studies and single

shot experiments as example uses of this mode.

Power Subsystem

[0051] The power subsystem 310 supports electronics and control for a minimum of 256
element transducers and associated support electronics in a specific embodiment. The power
system may provide isolation to appropriate medical safety standards, especially in
embodiments designed for‘human patients. The system may operate on standard 115VAC,

60Hz nominal AC mains.

Computer System

[0052] In a specific embodiment, the back end may consist of a “standard” Intel-based
computer board in compact PCI form factor. Such computer boards are available in
configurations that support standard, commercial network and computer systems and

software to allow netWorking with the reconstruction/display workstation.

[0053] In aspecific embodiment, in order to maintain proper isolation independent of the
commercial computer equipment, an optical Ethernet link 314 may connect the data
acquisition and control system to the reconstruction and display computer system 106. This
allows any commercial grade computer equipment to be used for this external computer
system without compromising the integrity of the isolation to medical standards. Copper,

optical, or other links may be used for any other network connections.

Data Acquisition and Control System Summary

[0054] In aspecific embodiment, except for some peripheral control functions, the bulk of
the data acquisition and control system 104 is contained in a Compact PCI chassis.
Commercial mechanical chassis assemblies, backplanes and Intel-based computer boards are
available in this standard, allowing the system to exist on a standard platform base. The
transmit/receive (T/R) section of the electronic subsystem is divided into multiple, identical
board assemblies with 16 channels receive channels and 1-8 transmit amplifiers. Since certain

operating modes may have only one acoustic element transmitting at a time, there may be

12
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relatively few transmit amplifiers, which are multiplexed to the transducer elements with high
voltage switches. Fach channel board has its own transmit circuitry in order to avoid signal
interconnections among the channel boards. Each board has an independent cable to its set of
transducer acoustic elements. Except for clocks, timing synchronization, and power, each
board assembly will function independently of other channel boards. Each of these boards
has a PCI backplane interface to the Compact PCI computer board. Each channel provides a
wide dynamic range acquisition system with real-time, RF data storage in RAM local to the
channel board. Sufficient RAM memory is provided to store a study with 2 minimum of 100
9-D ultrasound slice data. Once stored, the data may be uploaded to the computer system
without any real time restrictions. However, computational time requirements may constrain
or dictate certain aspects of the computer system. In addition to changing the transducer,
increasing the array size may be accommodated by adding additional channel boards,
providing the clocks with timing and power, with the interfacing being supported within the

compact PCI chassis.
Reconstruction and Display Computer System:

[0055] The reconstruction and display computer system 106 may comprise any of a variety
of computing systems. For example, the reconstruction and display computer system may be
the operator system described more fully in previously-incorporated U.S. Patent Application

No. 10/323,467. Those skilled in the art will realize other alternative embodiments.

[0056] Having described a system according to embodiments of the present invention,

applications to which the system may be applied will be described.
Method Overview:

[0057] The diagnostic component of the present invention extends the capabilities of a
variety of other devices and techniques, to include temperature-related diagnostic parameters
with treatment delivery, monitoring, interactive control and/or automation. Such robust
ultrasound (“US”) algorithms and recent imaging achievements with fewer transducer pairs
(i.e., sparse array) has allowed for: 1) additional transducers in the array for higher powered
US energy delivery/monitoring; or 2) simply utilizing the diagnostic array to also deliver

sufficient cumulative US energy.

[0058] The ability to perform temperature-related cancer discrimination, treatment

monitoring and ablation confirmation in a single apparatus represents a platform technology

13
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that can easily be applied to many treatment applications. Embodiments of the present
invention extend known diagnostic parameters of ultrasonic fields (i.e., reflectivity, sound
speed, attenuation, etc.) to include differential tissue responses to heating and/or cooling of
tissue (i.e., addilcional cancer discrimination from benign tissue). For example, accurate
temperature measurements during treatment (e.g., conversion of sound speed) confirms tumor
ablation margins and also allows accurate fat-suppression imaging to reduce imaging time
and data storage. Thermal treatment planning is possible through continuous monitoring of
tissue response to thermal ablation (i.e., heat ablation >50° C, or cryotherapy <-20° C, or
associated recovery from cooling/heating). Rapid imaging (<1 sec.) during treatment thus
provides additional characterization of cancer margins during treatment (i.e., temperature
changes in US parameters).' In addition, the permanent changes in several thermodynamic
and acoustic parameters provide confirmation of thorough treatment effect while the patient
is still on the table, as well as for subsequent follow-up. Beyond high temperature ablation,
several other uses are within the scope of the invention. Current hyperthermia (i.e., 41 —
44° C) treatment systems could be used in combination with radiation therapy to avoid
invasive thermometry. In alternative embodiments, advanced diagnostic functions with
focused ultrasound target the delivery of chemotherapy, or genetic, agents contained in

microbubbles “tuned”’ to burst at appropriate US energy and/or tumor locations.

[0059] “Dynamic focusing” in terms of a method and apparatus for generating destructive
US energy by transmitting a time-reversed field to their original scattering point within a
medium (e.g., tissue) is described more fully below. Briefly, time-reversal focusing is a
“blind” process which converts a divergent wave generated from a source into a convergent
wave focused on a strongly scattering source. In some instances, acoustic mapping abilities
are used to more accurately guide the time-reversal aspect of ultrasound focusing. This
model-based focusing uses quantitative imaging (e.g., tomographic reconstruction
techniques) to characterize the medium as a model, then applies an acoustic propagation
algorithm to synthesize the time-reversed signals and transmit them into the medium where
the acoustic energy is focused on the target. The necessary and practical fusion of diagnostic
parameters according to embodiments of the present invention with improved thermal

therapy is described in more detail herein.

[0060] By including such temperature-related information, the apparatus described above
has the capability of performing any or all of the following:
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A. Directly measure the parameters of the acoustic field using a system according to the
present invention.
B. Markedly reduce scan times and data storage by “fat-suppression” imaging. Static, or
temperature-related dynamic, changes in US parameters first identify fatty tissues, then
tailor subsequent cancer discrimination sequences to separation of benign and malignant
responses.
C. Monitor temperature changes in all areas of the imaging field to <1°C via
thermoacoustic properties of the ultrasound field during heating and cooling cycles of an
ablation modality (i.e., all heating sources, as well as cryotherapy, or freezing).
D. Deliver focused US energy to any region of a specified target (i.e., tumor area) and
measure resultant changes in dynamic_acoustic parameters in order to:
1. Provide further differentiation of tumor from normal tissue by their heating or
cooling responses.
2. Monitor target temperature for automatic downregulation/termination of ablation
(heating or cooling) to that region
3. Treatment protocol development: Selectively stop heating in one location and
begin in another according to temperature or anatomy, thus allowing selective ablation of:
a. Tumor vascularity (i.e., “feeder” vessels) to decrease convective cooling of
flowing blood and improve intratumoral heating profile.
b. All tumor contours for uniform ablation
c. Peripheral viable tumor while avoiding regions of central tumor necrosis
not requiring intensive treatment.
d. Regions needing immediate re-treatment due to tumor heterogeneity and/or
ineffective initial heating cycle.
E. Post-ablation: re-assess final acoustic parameters to confirm thorough coagulation
necrosis and any residual tumor viability over time.
F. Ensure greater safety and reduced treatment times using Dynamic Focusing since
thermal build-up from cumulative exposure is avoided (i.e., multiple transducer focusing

rather than using a single emitter).

MRI Temperature Monitoring and High-Intensity Focused Ultrasound

[0061] The technique of high intensity focused ultrasound (“HIFU”) has been extensively

documented for multiple treatments and organ sites and is well known to those of skill in the

art. The feasibility of impressive treatment planning according to embodiments of the present
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invention has been demonstrated by the extensive work done with MRI thermal dosimetry.
MRI temperature monitoring has reached clinical testing but may suffer broad application
and acceptance due to its complexity, cost, and extended treatment times. The noted
difficulties may therefore make MRI guidance “a long run for a short slide.” However, the
scientific analyses of temperature monitoring gives the system according to embodiments of
the present invention a more direct path to buman application since temperature-based
treatment protocols have been developed for a clinical device for breast HIFU. MRI-guided
HIFU treatment protocols have been limited to fibroadenoma trials in the United States, but
have extended to breast cancer in Europe. Both of these trials required treatment times of 1 —
2 hours for each patient, depending upon tumor sizes of only 1 — 2 cm. Despite optimizing
treatment delays between each US pulse, treatment times needed to be this long to avoid

¢

thermal build-up near the transducer from cumulative US exposure at a single delivery site.

[0062] When sonication pulses are delivered too close together in time or spacing, the
additive temperature may cause unevenly shaped, larger lesions that can eventually cause
tissue boiling. The resultant gas bubbles then scatter and reflect the subsequent US pulses,
depositing the US energy in front of the bubbles and even closer to the transducer. An
irregular lesion shape also suggests that the treatment was not delivered to the intended target
area and could damage intervening tissues. Patient safety and sufficient US energy delivery
to the target for adequate treatment therefore mandated interpulse delays, resulting in long
patient treatment times. Even then, only 6 of 11 fibroadenomas showed complete ablation
according to some sources. One patient developed a bruise following therapy due to
unavoidable air bubble migration from the injection site of the local anesthetic beneath the
fibroadenoma to the tissues in front of the mass and between the transducer. Similar to the
air bubbles from cooked tissue, US energy deposition occurred away from the tumor and
closer to the skin. It was also noted that adjacent fat caused some temperature hot spots to be
invisible since the proton-resonant shift frequency of the MRI imaging sequence is not
temperature-sensitive in fat. In fact, only 48% of sonications (172/356) were visualized and
minor patient motion during the long procedure caused most of the temperature inaccuracies.

Hope was noted for future fat-suppression and faster imaging techniques.

[0063] Ignoring the impractical, long treatment times for MRI-guided HIFU, the
experience with generating MRI temperature-related dosimetry substantiates its utility and
feasibility. Embodiments of the present invention that generate an US-based thermal |

dosimetry system in a single device for improved safety and reduced treatment times are well
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founded. Namely, three methods have been used to predict tissue damage:
a.) power output and exposure length
b.) critical temperature, and

c.) entire temperature history to estimate thermal dose.

[0064] Temperature and dosimetry (i.e., b & ¢ above) are independent of inhomogeneities

of acoustic properties, but recent power calculations have allowed reasonable estimates

despite power prediction differences between tissue types. Thermal dose shows good

correlation with standard hyperthermia treatments for planned outcomes of 100% necrosis

(i.e., 43°C when delivered for 240 minutes). Conversion to predict HIFU outcomes yielded

the following boundary criteria for unaffected (i.e., reversible) and thoroughly ablated tissue:
No tissue changes: < 4.3 minutes at 43°C, with temperatures <47°C

Complete tissue necrosis: >31.2 minutes at 43°C, with temperatures >50.4°C.

[0065] Using these practical guidelines, embodiments of the present invention not only use
the temperature and dose profiles but have improved power estimates due to thorough
knowledge of the US field. Embodiments of the invention include MRI-based thermal

dosimetry for treatment planning in connection with US imaging and/or therapy.

Thermoacoustic Computed Tomography

[0066] Evidence is emerging for expanded cancer diagnostics using the differential tumor
response to heating, substantiating the new temperature-related monitoring capabilities of the
system according to embodiments of the present invention. Another breast imaging
technology under development, thermoacoustic computed tomography (TCT), specifically
relies upon the greater heating response of tumors over benign tissue. Since breast tumors
appear to have a higher bound-water fraction than benign tissue (i.e., 0.85 vs. 0.75, resp.),
tissue heating by pulsed radio-frequency (RF) energy would be greater, and/or faster, for
tumors. Only ~0.25°C tissue heating caused mechanical expansion of tissue that initiated
pressure waves. The waves propagated through the tissue as sound and were detected by US
transducers. Differential waves from breast cancer were shown in vivo, but the images were
much worse than in vitro images of a pig kidney. Their in vivo technical difficulties were
listed as poor RF penetration of deep tissue (i.e., at 434 MHz), motion and skin interface
artifacts. However, the poor detail of other anatomic structures in their breast images also
suggest that their reconstruction algorithms had insufficient resolution in highly scattering

breast tissue. They acknowledged the need to integrate TCT with more sophisticated
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ultrasound according to at least one report, but failed to show high anatomic detail of other
breast tissues. Despite their technical problems, they have effectively validated that

differential tumor response to heating has been observed.
Elastography — MRI and US

[0067] In simple terms, as a steak cooks its texture changes from soft to firm. Once
cooked, its firmness is permanent. Diagnostics according to embodiments of the present
invention similarly define the irreversible “firmness™ in regions of heat ablation by their
acoustic properties. Elastography has demonstrated excellent delineation of final HIFU
lesions in liver. However, their ex vivo technique using direct tissue compression has less
clinical promise than less invasive vibrational techniques. One example of a diagnostic
parameter was shear modulus since cancers have lower vibrational amplitude than softer
-adjacent tissues. Recently, vibrational elastography for tissue mapping has been validated
using phase-contrast-based magnetic resonance imaging (MRI) techniques. An article
(Kruger RA, Kiser WL and SpantzT. Thermoacoustic CT of the breast. Medical Imaging
2002: Physics of Medical Imaging (SPIE 2002). Paper 4682-55. San Diego, CA, herein
incorporated by reference in its entirety) thoroughly documents the relationships between
shear modulus, acoustic strain wave frequency, resolution, phase changes and temperature. It
has thus been identified that the premise of elastographic tumor discrimination may
additionally include effects from temperature-related changes. Elastography thus serves as an
excellent post-ablation assessment of irreversible tissue damage that will complement other
US parameters (below). As imaging speed of vibrational sequences improves, dynamic

elastography will provide additional on-line evaluation during treatments.
US Temperature Monitoring Parameters

[0068] The determination of acoustic properties for temperature monitoring have been
addressed by heating curves of sound speed vs. temperature, while delineation of the final
ablation area has also been quantified and imaged. The heating curves showed that sound
speed increased as temperature increased for all tissue types, except fat. For temperatures
between ~ 32 — 36 °C, fat had a negative sound speed response to heating due to a phase
change related to melting of some fat components (i.e., sound speed in more liquefied
fat<solid fat). Sound speed for fat also has been verified as significantly slower than all other |
breast tissues. However, other breast tissues had significant overlap in sound speed

measurements for these fresh excised specimens. The previously noted separate heating
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curves for each tissue type thus appears discordant with the apparent insignificant difference
in heating response of benign and malignant tissue. However, an interesting phenomenon in
the heating curves (not specifically described) was the apparent differences in relative rate of
change in sound speed vs. temperature changes for each tissue. Namely, the following table

was derived from available data ranges of previous reports.

Table I
Tissue Temp (°C) mrsec -°C™
Water 24-36 2.7
0.9% NaCl - 24 -40 1.8
Liver 24-36 1.3
Breast parenchyma 24 —-36 | 1.3
Breast fat 32-36 -10.0
Breast fat 36-43 4.5
Glycerol 20-30 2.2
Breast fat 30-37 -6.0
Multiple myeloma 22 -37 13

[0069] These studies demonstrate that while nearly all tissues and fluid show increasing
sound speed as temperature increases, they may do so in a unique manner for each tissue.
While sound speed has shown clear separation of fat from glandular tissue, the unique
heating profile of fat allows further separation based on heating response (i.e., even at
temperatures >36°C, fat ~ 4.5 m-sec™-°C™ vs. only 1.3 m-sec”-°C™" for breast parenchyma).
Embodiments of the present invention thus use a technique that may be characterized as “fat-
suppression” breast imaging. Advanced diagnostic parameters of embodiments of the present
invention then focus only on the non-fatty tissues, thereby reducing scanning times and data
storage. Fluids also appear to have a different heating response than solid tissues, but the
heating response of human breast cysts may relate to their lipid or serous content (i.e., ‘oil’

vs. ‘simple’ breast cysts).
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[0070] While the multiple myeloma tumor had similar heating response as breast (i.e., 1.3
mrsec™-°C™), the non-linear aspect (i.e., B/A) of the heating response was different for liver
and multiple myeloma tumor, despite their similar sound speeds. The value of B/4 is thus
related to other thermodynamic parameters (i.e., Grusneissen parameters, Rao and Wade’s
constants), making it possible to obtain further characterization of the quasicrystalline
structure (morphology) of tissues and their cohesive forces. A consequence of large-aperture
diagnostic capabilities according to embodiments of the present invention is that differential
tumor response to heating is greatly enhanced (i.e., m-sec™-°C™, B/d, or other thermodynamic
parameters). These new insights about tumor characterization complement the concepts of

tumor morphology, margins and adjacent tissue reactions, or architectural distortion.

[0071] Final HIFU ablation areas have been characterized by permanent, marked increases
in attenuation. To a lesser degree, sound speed still showed significant increases over pre-
treatment values. Final lesion attenuation and sound speed may thus be used to complement

elastography and USAE to define irreversible tissue damage.
US-Stimulated Acoustic Emission (USAE) Thermometry: A Single Device

[0072) Embodiments of the invention provide for ultrasound-stimulated vibro-acoustic
spectrography using diagnostic parameters of the ultrasound field. In addition, these
teachings may be used to detect breast microcalcifications and for temperature monitoring
and characterization of HIFU ablation regions. These joint concepts are integrated info the
system described above with the previously-described hydrophone-type sensor(s) in the
transducer array. USAE applies a harmonic excitation inside a target through the application
of two focused beams that oscillate at slightly different frequencies. The US fields only
overlap at the target, causing it to locally vibrate at the beat frequency. The response
recorded at the hydrophone then depends on the local acoustic and mechanical properties of
the target tissue. Tissue properties of stiffness and absorption influence the magnitude of the
USAE and are used to detect coagulation. One report demonstrates the dual function of
focused ultrasound transducers as an USAE interrogation source, both during and after
ablation. The 50-msec imaging pulse was interspersed between the focused US pulses and

allowed intermittent monitoring of ablations in progress.

[0073] USAE amplitude measurements suggested that the transition to irreversible tissue
damage at the point of coagulation corresponded with ~55°C, when muscle tissue typicaliy

coagulates. The near-linear correlation of USAE amplitude with temperature was also lost at
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55°C and correlates with tissue stiffness, marked changes in absorption and shear modulus.
However, at least one source also noted an interesting departure from the coagulation theory
for fat, which continued to have USAE correlation beyond coagulation temperatures. This
again suggests a differential heating curve for fat, whereby a phase change, or “melting,”
occurred, producing a more “liquid” response above muscle coagulation temperatures @ie.,
>55°C) (Note also that a cooked steak shows “reversed” stiffness for fat, which becomes
“softer,” or liquefies, compared to its cooler uncooked state). Again, fat-suppression imaging
according to embodiments of the present invention mitigates or avoids the USAE

irregularities caused by adjacent fat.

[0074] An interesting correlate of sound speed heating/cooling parameter (m-sec'l-°C'1)
according to embodiments of the present invention was seen in the differential USAE cooling
rate between fat and muscle. Fat had a faster USAE cooling rate than muscle (i.e., 0.0146/°C
vs. 0.0086/°C, respectively) despite more similar heating rates (i.e., 0.0147/°C for fat vs.
0.0118/°C for muscle). Conversely, they made the point than muscle had different heating
and cooling rates while fat appeared to heat and cool at the same rate. These factors again
confirm the temperature-related cancer diagnostics used with embodiments of the present
invention. Not only do tumors have a significantly different heating rate, which is exploited
for thermoacoustic CT imaging, but the multiple diagnostic parameters according to
embodiments of the present invention can effectively monitor differential cooling rates as

well.
Acoustic Time-Reversal and Model-Based Focusing

[0075] The basic premise of acoustic time-reversal and model-based focusing will be

summarized to highlight certain implications for embodiments of the present invention.

Time Reversal Focusing

[0076] When a source propagates through a spatio-temporal medium, the resulting
wavefront is distorted. If the medium is homogeneous and the source resides in the near
field, then a spherical-type wavefront evolves. But if the medium is inhomogeneous, then a
distorted wavefront results. In the first case, simple time-delay processing is sufficient to
enhance the field at a given point; however, for inhomogeneous media the required time
delays and amplitude are more difficult to estimate. The use of delay estimation and even

adaptive delay estimation techniques become quite limited and unsuccessful in an
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inhomogeneous medium excited by a broadband incident field requiring an alternative
approach to solve the focusing problem. A viable alternative called "time-reversal
processing" has been proposed by others with some success in acoustics. It has been shown
that time-reversal is applicable to spatio-temporal phenomena that satisfy a wave-type

equation and possess a time reversal invariance property.

[0077] Dynamic focusing using time reversal is essentially a technique to “focus” on a
reflective target or mass through a homogeneous or inhomogeneous medium that is excited
by a broadband source. More formally, time-reversal focusing converts a divergent wave
generated from a source into a convergent wave focused on that source. It can be thought of
as an “optimal” spatio-temporal filter that adapts to the medium in which the wavefront

evolves and compensates for all geometric distortions while reducing the associated noise.

[0078] With reference to Fig. 4, a wave 402 is scattered from a mass 404. The resultant
divergent waveform 406 is received at the sensors 408 of an array 410. The resultant signals
412 then may be replicated and retransmitted back at the mass 404, correlated in time to

thereby focus a convergent waveform at the mass.

[0079] The underlying theory and application of time-reversal techniques to acoustical
problems have been developed along with a wide range of applications and proof-in-principle
experiments. These applications have yielded results in focusing through an inhomogeneous
medium and offer an opportunity for many different applications. This approach has been
demonstrated for the focusing and destruction of painful kidney stones in lithotripsy.
Fortunately, unlike tissue masses, stones are highly reflective and the most dominant scatterer
in the kidney.

Model-Based Focusing

[0080] An alternative to time reversal is the model-based approach that:

(1) develops a model of the inhomogeneous medium including the mass under
scrutiny from the results of quantitative imaging;

(2) numerically propagates acoustic energy to a model of the array from a model of
the source, located at the target (mass, generating a set of synthesized multichannel time
series; and

(3) transmits real acoustic energy back into the medium to “focus” on the target

mass, using the time series that is the reverse of the one generated numerically.
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[0081] “Blind” time reversal that will focus on the strongest scattering mass in a
completely unknown tissue medium without any a-priori information about the medium,
mass or its location is clearly a risky endeavor. In contrast, the model-based approach uses
the model of the medium (including the mass and its location) to synthesize the appropriate
time series and focus at the correct location. Clearly, the effectiveness of this approach may
depend on the appropriateness of model. Quantitative imaging using a device according to
embodiments of the present invention and employing tomographic reconstruction techniques
characterizes the medium model and an acoustic propagation algorithm to synthesize the

required signals as seen in Fig. 5.

[0082] With reference to Fig. 5, model-based focusing thus uses an image acquired, for
example, according to the teachings of the present invention (block 502) to “map” the
ulirasound field for accurate targeting of a tumor (block 504). Time reverse signals are then
calculated (block 506) and transmitted (block 508) via a transducer array 510, thereby

focusing a waveform 512 at an area of interest 514.

[0083] From the above discussions of temperature-based diagnostic parameters of the
present invention, the initial ultrasonic “map™ (e.g., sound speed) may be further refined by
first using a lower power, time-reversed pulse to assess low temperature, non-lethal changes
in the tissues. In one embodiment, another diagnostic parameter is used to produce the first
image to limit the tissue volume (e.g., fat-suppression), followed by further interrogation by
temperature-related diagnostic parameters. This first image may be produced using the
imaging capabilities of the system described above. Improved tissue characterization thus
allows better cancer discrimination and delineation of tumor margins by any new
combination of dynamic, as well as post-ablation, temperature-related diagnostic parameters:

Dynamic (heating or cooling): sound speed [m-sec™-C™'], attenuation [dB-cm-C™],
USAE amplitude-°C™

Post-ablation (i.e., permanent or irreversible changes): sound speed, attenuation,

USAE amplitude, shear modulus, B/4, vascularity (Doppler or contrast agent enhancement
pattern).

[0084] The ability to time-reverse the US pulses for a diagnostic sequence allows greater
confidence and accuracy in subsequent delivery of lethal thermal doses. However, time-
reversal heating is not necessarily needed to utilize these diagnostic parameters and may be

achieved by other heating technologies in other embodiments. Regardless of the heating
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approach, a more targeted delivery of the US energy saves time and data storage. Ablation
could then proceed in a planned manner, calculating dosage requirements and delivery

locations.

[0085] The ability to scan during any heat based treatment, including those using focused
ultrasound, may involve careful individual control of the transducers, receivers and
associated background electronics/software. The ability to monitor current percutaneous
ablation techniques (i.e. radiofrequency and cryotherapy) and future ultrasound focused
treatment options (i.e., both low and high power settings) may therefore be considered along
a continuum. The role of imaging according to embodiments of the present invention with
accurate temperature monitoring (e.g., sound speed derivation) during percutaneous ablations
will be considered hereinafter. Devices having any number of emitters (e.g., approximately
11 transducers in a specific embodiment) that can be simultaneously fired according to the
previously noted time-reversal techniques can, even at the low power settings used for
diagnostic scanning, produce sufficient summed energy to be within the realm of
sonoporation. Larger numbers of transducers, however, combined with appropriate software,

result in greater therapeutic advantages as will be described.

[0086] Sonoporation, or the “opening” of cell membranes, in response to low amplitude
ultrasound can be either permanent or temporary. Permanent damage to the cell membrane
results in eventual cell lysis, whereas temporary damage often causes the membrane “holes”
to “re-seal”. It has been noted that be temporary damage, or reparable sonoporation, takes
place in the presence of injected microbubbles at acoustic pressure amplitudes of 0.1-0.12
MPa for 1 and 2.25 MHz, respectively. While contrast agents are becoming standard practice
in other countries, none are currently Food and Drug Administration (FDA) approved within
the United States. Therefore, if reparable sonoporation even occurs with current diagnostic
ultrasound levels, new focusing possibilities for delivering targeted treatments may help
justify their use. While current diagnostic ultrasound may cause some degree of sonoporation
that can be histochemically detected, the lack of focusing to any tissue target, using a single
diagnostic and therapeutic device, limits prﬁcticality of this observation. For example,
microbubble delivery of chemo/genetic treatment agents to a tumor within the liver couldn’t
be limited to just the tumor since the diagnostic ultrasound energy would burst the bubbles in
all portions of the liver visualized by the diagnostic ultrasound beam. According to
embodiments of the present invention, devices having smaller numbers of transducers

operating at ~1.5 MHz provide combined imaging and targeted sonoporation._
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[0087] The ability to deliver focused, low amplitude ultrasound energy to specific areas
within the body may require close correspondence of the ultrasound tissue characteristics
with the subsequent profiles of the focused beam. Imaging, according to the teachings of the
present invention, of any body part containing a tumor thereby provides an ultrasound “map”
of the multiple ultrasound parameters which characterize the exact tumor location in three-
dimensional space. Using this data, software employing the model-based focusing technique
will trigger the appropriate sequence of simultaneous pulses from any number of transducers
within an ultrasound array that surrounds some extent of a body part. The reconstituted pulse
energy at the focal point thus becomes a summed function of the acoustic amplitudes of the
originating pulses. In this manner, embodiments of tﬁerapeutics according to the present
invention would span from sonoporation energy levels (i.e., within diagnostic power levels)
to much higher power level embodiments containing additional transducers with much higher

acoustic energy capacities.

[0088] For sonoporation, appropriate software drives the electronics to simultaneously fire
a variable number of ultrasound emitters (e.g., 10-300 emitters). In light of the teachings
herein, those skilled in the art can envision other embodiments in which any number of
emitters could be added to the ring, or rewiring of the current transducer boards to allow dual
function of the transducers to both send and receive. Again, the sequenced emitting of
ultrasound pulses becomes a function of software control, utilizing the model-based focusing

technique.

[0089] For ablative purposes, additional transducers may need to be added to the imaging
array in order to generate higher initial acoustic power than those used for diagnosis.
Therefore, these additional transducers would need to be spaced throughout the array
configurations appropriate for that body part. These may require separate wiring schemas to
connect them to the main unit, but they can still be driven by software modifications of the
above noted process for using model-based focusing algorithms. Regardless of the
transducer configuration (e.g., circular array, or opposing paddle geometry), it is conceivable
that any body part containing a tumor could be effectively addressed by sonoporation and/or

ablative energy treatments according to embodiments of the present invention.

[0090] In order to maintain three-dimensional location accuracy, an interleaved scanning
technique could easily be implemented for either sonoporation or ablative energy treatments.

Similar scanning techniques have already been described with focused ultrasound using MRI
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guidance for ablation of breast fibroadenomas and cancer. The purpose of interleaved
techniques allow imaging-treatment-imaging sequences to result in localization-treatment-
monitoring, respectively. By combining imaging and treatment into one device, the delivery
of interlaced sequences would become a function of the speed and accuracy of the equipment.
In this manner, treatments will be administered at the rate of imaging localization, preventing
inadvertent treatment due to patient motion within the time sequence to verify localization.

In other words, the estimated 40 millisecond scan time for propagation and reception of an
ultrasound pulse may then be followed by a treatment pulse from multiple transducers
(diagnostic or therapeutic energies), resulting in immediate focusing to the selected target

within a similar 40 millisecond return time.

[0091] Computer processing also allows a subsequent monitoring pulse to be quickly fired
after the initial image and treatment pulse. Within ~150 milliseconds (i.e., 40+ 40+ 40+...),
extremely fast processing could produce images of the target and treatment outcome. Image
reconstruction times could be markedly reduced by limiting visualization to the target region
(e.g., 1-10 cc), focusing assistance needs ("seeds”, needle/US emitter discussed hereinafter)
and margin auto-detection algorithms. Such millisecond accuracy in the delivery of
subsequent pulses would not only help alleviate inadvertent patient motion, but also
unavoidable motion from cardiac or respiratory changes. Similarly, any distortions of the
ultrasound field from the initial treatment pulse (i.e., changes in monitored ultrasound
parameters of sound speed, attenuation, reflectivity, etc.) could be compensated for in the
subsequent treatment pulse. The software control therefore may rely upon the computer
workstation to switch between algorithms which serve a diagnostic function and those which
trigger the focused ultrasound sequences. Intermittent non-invasive temperature monitoring
could thus use an intermittent data set processed by the sound speed algorithm, where as a
margin-based assessment for anatomic treatment accuracy would intermittently employ a
reflective algoﬁthm (i.e., migration or full aperture tomography). As ablation nears
completion, other algorithms can help determine the need for additional focused ultrasound
ablations by assessment of elastography, attenuation, USAE, etc. The ability to rapidly
switch between these data sets makes online ablation monitoring entirely feasible, similar to

current MRI guidance and monitoring.

[0092] The previously described mechanism of assisted focused ultrasound delivery (i.e.,
pretreatment deposition of tumor marking “seeds”, or a needle intimating a localizing

ultrasound pulse) thus comes into expanded application. The algorithm for “blind” focusing
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upon a dominant scatterer (or known location of the internal ultrasound emitter within a
needle tip) could be much faster than a model-based algorithm requiring several iterations to
achieve accurate spatial localization. As previously noted, time-reversal ultrasound focusing
can be simplified and markedly expedited by allowing ablations to proceed around a
dominant reflector within the ultrasound field. Similar to current deposition of radiopaque
markers within the prostate to help guide “on-line” external beam radiation therapy treatment
of prostate cancer, a highly reflective ultrasound “seed” could be placed within the tumor
prior to the focused ultrasound treatment session. Alternatively, an ultrasound emitting
needle could be placed within the tumor immediately prior to initiation of the focused
ultrasound treatment session. In this manner, the previously described interleaved imaging-
treatment-imaging sequences could be markedly accelerated in terms of data image process

requirements for delivery of the subsequent treatment pulses.

[0093] A embodiments of the present invention include a treatment planning workstation.
Software currently exists for accurate 3-D volumetric assessments of tumor margins
overtime. This type of exquisite margin analysis would be an example of the first step in
creating a tailored pulse sequence to cover the entire tumor volume. The next step would be
similar to radiation therapy planning software which tries to minimize side effects of the
radiation in adjacent normal structures as it is delivered through predetermined “portals™.
Namely, multiple repeating US pulse sequences using the previously described image-treat
alternating pattern would be distributed across the tumor volume to cover all visible margins.
Depending upon adjacent critical structures, treatment would generally include up to 1 cm
beyond the tumor to achieve “surgical margins”. The size of each treatment zone during a
single pulse sequence could be altered as needed for either their low power or high-power
treatment options. For example, a high-power ablation may choose to stagger each
successive pulse 600-1, 600-2, 600-3, 600-4...(in turn) in an opposing fashion across the
tumor volume 602 in order to avoid heat-induced alterations in the sound propagation profiles
(e.g., air bubbles from cavitation). Conversely, it may be appropriate for a sequential,
wavefront-type propagation of adjacent treatment sites 603-1, 603-1, 603-3, 604-4... (in turn)

to proceed across the entire targeted tissue volume 604.

[0094] The accuracy in delivering these ablation zones again relates to the interleéved
imaging-treatment pulse sequences which may be predetermined from a treatment "planning
scan". The 3-D spatial accuracy derives from matching the preoperative study with the

obtained interleaved images using the following suggested guidance options:,
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a.) the tumor landmark boundaries;
b.) an internal reference reflector, or "seed";
c.) an echo emitting localization needle.
The flexibility of choosing different treatment patterns, sizes and delivery rates opens several

options for combination with current therapies as well.

[0095] The above noted treatment patterns assume relatively large focal spot sizes
compared to the overall tumor volume, such that the overall treatment times can be clinically
limited (e.g., less than 1 hour). Current HIFU experience suggests a relatively time-
consuming process (i.e., > 2 hours for a 2 cm diameter fibroadenoma), whereby many small
ablations were required to cover the larger volume. However, if only small treatment spot
sizes are feasible [or in certain cases: different tissues and/or large tumor sizes (I>5 cm)],
focused ultrasound may also serve an adjunctive role in combination with modalities capable
of faster, large ablation volume. As seen in Fig. 7, a larger tumor 702 may have the majority
of its volume rapidly covered by percutaneous ablation probes 704 placed strategically within
the mass. However, these probe placements require technical accuracy that may be difficult
to achieve, or the ablation 706 could become altered by adjacent heat sink effect from
bordering vessels, such that portions of the tumor 702 may be left untreated. These untreated
tumor margins 708, or those coming very close to the treatment margin 710, may be easily
recognized using the previously noted temperature monitoring functions (e.g., sound speed)
and parameters which evaluate ablation completeness (e.g. attenuation, USAE, elastography,
etc.). Therefore, the smaller ablations 712 by focused ultrasound are shown to cover these
untreated areas in the same therapy session. Alternatively, the "positive margins", known to
occur with current ablations, could be treated at a later time by focused US according to

embodiments of the present invention.

[0096] The use of additional ablation devices along with the proposed combined imaging
and focused ultrasound device also raises the possibility of their control via the proposed
monitoring and automation aspects used for the focused ultrasound device itself. Both
cryotherapy and RF probes have thermocouples contained within their tips but lack a non-
invasive mechanism to control the extent of their ablation. Current cryotherapy systems use
invasive thermocouples placed around the prostate to allow automated control of the
cryotherapy probes within the prostate to “sculpt” the ice to the precise contours of the
prostate, thereby limiting peripheral damage while maximizing cytotoxic efficacy.

Therefore, the proposed imaging sequences could be used to monitor temperature and
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ablation thoroughness of both cryotherapy and heat-based ablation systems. The focused
ultrasound component could be used to not only “touch-up” incomplete margins as seen in
Fig. 7, but also to prevent the inadvertent extension of cytotoxic ice formation by standard
cryotherapy probes. This would lead to tailored “sculpting” of an ice ball in order to better
conform to the contours of any delicate adjacent structures. For heat-based ablations, this
degree of counteractive modulation of the major ablation zone may not be possible, but the
major ablation can be terminated when one of its ablation margins reaches its targeted extent.
Any remaining tumor ram could then be handled by the “touch-up” methodology seen in Fig.
7.

[0097] Whether the computer workstation uses interleaved scanning sequences with
focused ultrasound as a stand-alone modality, or in combination with other ablative
modalities noted above, the computer electronics required to control the switching between
the algorithms are predominantly software driven. Driving of the transducers, data

collection, storage and manipulation can be rapidly switched for their appropriate function.

[0098] Finally, the exquisite image localization, treatment application and monitoring
described above for malignant tumor therapies can have broad applications to many other
conditions and circumstances. Benign tumors could just as easily undergo the above noted
imaging-treatment processes. Similarly, control of hemorrhaging from trauma would be
markedly assisted by a single imaging and therapeutic device. Currently, hemorrhage control
using a focused US device is quite limited by the relatively poor resolution, and subsequent
localization, by standard reflection US and a large focused US array which could not only
localize the point source of bleeding with fine detail of associated anatomic structures. As
seen from images in other reports, visualization of a deeper hemorrhage is severely limited by
penetration difficulties within the abdomen, resulting in severely degraded resolution.
According to embodiments of the present invention, however, operating at, for example, 1.5
MHz, markedly improves resolution with deep penetration resulting in more accurate
detection of hemorrhage and associated control from targeted ablation/hemostasis. In
addition, rapid focusing by time-reversal techniques can also be markedly accelerated by
using "blind" focusing to the brightest reflector within the visible field. In this case, a
Doppler signal showing the actively escaping blood from the vessel could be brightest
focused in the field.
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[0099] Accordingly, Fig. 8 illustrates a method 800 according embodiments of the present
invention. The method may be implemented in the system of Fig. 1 or similar system. Those
skilled in the art will realize that other embodiments of a method according to the present

invention exist. Thus, the method of Fig. 8 is to be considered exemplary.

[0100] At block 802, a transducer array is positioned in relation to tissue to be examined.
The transducer array may be a ring transducer, paddle transducers or other suitable transducer
array. Further, the transducer array may be a 1-dimensional transducer array, a 2-
dimensional transducer array, or a 3-dimensional transducer array. In this embodiment, the
transducer array is configured to both transmit and receive acoustic radiation. Thus, the
system is configured for both diagnosis and therapy. In some examples, the transducer array
has a small number of transducers, for example, 11. In other examples, the simuitaneous
addressable emitter arrays both have a large number of transducers, for example several
thousand. In some embodiments, the transmitters both transmit and receive. Many other

examples are possible and not necessarily bounded by these two examples.

[0101] At block 804, acoustic imaging is performed. In some embodiments, acoustic
radiation is directed at the tissue from transducers in the transducer array ( block 805) and the
resulting scattered radiation is received by other transducers in the array (block 806). In this
way, an image of the tissue is obtained (block 807). In other embodiments, an acoustic
radiation generating probe, for example an interstitial needle, is placed in the tissue (block
808) and acoustic radiation may be emitted from (block 810). The scattered radiation is then
received at the transducers to form an image. In either of these cases, the image is, for
example, a 3-dimensional image formed by compiling multiple 2-dimensional images. The
image may be enhanced in any of the previously-described ways. For example, the
temperature of the tissue may be either internally or externally altered to change the acoustic
properties of the tissue (block 812). In such cases, a sound speed algorithm may be employed
to further discriminate among various tissue types based on this acoustic property. The
image also may be enhanced by placing a highly reflective “seed” into a particular area of the
tissue of interest (block 814), for example a tumor, prior to directing the acoustic radiation at

the tissue.

[0102] At block 820, therapy is performed on at least a portion of the tissue. The therapy
may be any of a variety of different types of therapy, some of which were discussed herein

previously. For example, a tumor located in the tissue may be treated with cryogenic (block

30



WO 03/096883 PCT/US03/15511

822) or ablative (block 823) therapies. The ablative therapy may involve the focusing of US
acoustic radiation on a region of the tissue using time-reversal techniques as was described
previously. Time-reversal focusing techniques may involve model-based focusing and/or

“blind” focusing, both of which were described in more detail above.

[0103] In the case of blind focusing (block 825), the process may employ the use of natural
body landmarks, such as bone, to direct the acoustic radiation. Blind focusing also may
employ a reflective “seed” deposited within the target region (block 824). In other examples,
interstitial needles, or other probes, are used which may: emit US radiation, measure
temperature, and/or provide therapy, such as cryogenic therapy, radio frequency therapy,

microwave therapy, or the like (block 826). Many other examples are possible.

[0104] In the case of model-based focusing (block 828), a person, such as a physician, may
assist in defining the target region by supplying information to the diagnosis/treatment
device. In éome examples, the target region may be defined with the assistance of software.
In some cases, these two examples are combined. In either of these examples, information
developed from the operation at block 804 may be used. In still other examples, targeting
information is supplied to the device from other sources. In yet other examples, the target is
defined with respect to other objects at a known location in the tissue, again possibly
employing information developed during the operation at block 804. Combinations of these

examples also are possible as are many other examples.

[0105] In still other examples, the therapy provided at block 820 may involve sonoporation
(block 830). This may involve low power focused US and/or high-re power focused US.
This treatment may be combined with microbubbles, as previously described, to deliver

chemical treatment to sonoporated cells (block 834).

[0106] In still other examples, the therapy may involve any combination of the foregoing.
For example, a tissue area may be treated with cryogenic therapy while regions around the

cryogenically-treated area are treated with focused US. Many other such examples are

possible.

[0107] The therapy provided at block 820 may be directed toward are area of active
hemorrhage. This may involve directing focused US using any of the previously-described

techniques or may employ Doppler-based blind focusing. Other examples are possible.
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[0108] The therapy provided at block 820 may be followed by a subsequent diagnostic
session that uses US to determine the effect of the therapy. This may take place at block 860,
as shown and may include any of the diagnostic processes described above with respect to
block 804. In some examples, the operations of blocks 820 and 860 may be repeated any
number of times to incrementally treat the tissue by iteratively treating the tissue then

assessing the effect of the treatment. Many other examples are possible.

[0109] Having described several embodiments, it will be recognized by those of skill in the
art that various modifications, alternative constructions, and equivalents may be used without
departing from the spirit of the invention. Accordingly, the above description should not be

taken as limiting the scope of the invention, which is defined in the following claims.
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WHAT IS CLAIMED IS:
1. A method of treating tissue comprising a medical pathology, the
method comprising:

in a first diagnostic session, receiving acoustic signals scattered from the tissue
with a plurality of acoustic detectors disposed to at least partially surround at least a portion
of the tissue;

in a therapeutic session, delivering therapy to the medical pathology; and

thereafter, in a second diagnostic session, evaluating the effect of the therapy
on the medical pathology by receiving acoustic signals scattered from the tissue with the
plurality of acoustic detectors;

wherein the first and second diagnostic secessions are comprised by a single

diagnostic/therapy session and occur substantially contemporaneously with each other.

2. The method of claim 1, wherein at least one of the diagnostic sessions
comprises deriving a temperature-related diagnostic parameter from the received acoustic

signals.

3. The method of claim 1, wherein at least one of the diagnostic sessions
comprises deriving an attenuation-related diagnostic parameter from the received acoustic

signals.

4. The method of claim 1, wherein at least one of the diagnostic sessions
comprises deriving an elastography- related diagnostic parameter from the received acoustic

signals.

5. The method of claim 2, wherein the tissue is comprised by a patient
and the single diagnostic/therapy session comprises substantially no repositioning of the

patient.

6. The method of claim 5, wherein the tissue is comprised by a portion of
the patient selected from the group consisting of breast, brain, bone, liver, kidney, prostate,

muscle, any soft tissue tumor, and blood vessel.

7. The method of claim 1, wherein delivering therapy to the medical

pathology comprises directing acoustic radiation to the medical pathology.
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8. The method of claim 7, wherein delivering therapy to the medical
pathology further comprises focusing the acoustic radiation into the medical pathology in

accordance with the information derived from the received acoustic signals.

9, The method of claim 8, wherein focusing the acoustic radiation

comprises applying time reversal.

10.  The method of claim 8, further comprising determining a focal point

with an object proximate the tissue.

11. The method of claim 10, wherein the object is a natural object of a

body comprising the tissue.

12.  The method of claim 10, further comprising depositing an acoustically

reflective seed into the tissue, wherein the object comprises the acoustically reflective seed.

13.  The method of claim 8, further comprising placing an interstitial

needle in the tissue.

14.  The method of claim 13, further comprising emitting acoustic radiation

from the interstitial needle.

15.  The method of claim 13, further comprising measuring a parameter of

the tissue with the interstitial needle.

16.  The method of claim 15, wherein measuring a parameter of the tissue

with the interstitial needle comprises measuring the temperature of the tissue.

17.  The method of claim 13, further comprising delivering therapy to the

tissue using the interstitial needle.

18.  The method of claim 17, wherein the therapy comprises a selection
from the group consisting of cryogenic therapy, heat-based therapy, laser therapy, radio

frequency therapy, and microwave therapy.

19.  The method of claim 17, wherein the therapy comprises cryogenic
therapy in combination with acoustic radiation and the acoustic radiation is used to contour a

region of the tissue to which the cryogenic therapy is delivered.
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20.  The method of claim 8, further comprising receiving information from

a practitioner who at least partially defines a target region.

21.  The method of claim 8, further comprising using software-based auto- -

detection to at least partially define a target region.

22.  The method of claim 1, wherein delivering therapy comprises

sonoporating at least a portion of the tissue.

23. The method of claim 1, further comprising interleaving a sequence of
diagnostic sessions with a sequence of therapy sessions to thereby treat a tumor volume,
wherein a subsequent therapy session depends, at least in part, on information obtained

during a previous diagnostic session.

24.  The method of claim 23, wherein a subsequent therapy session
comprises a different type of therapy than that applied in an immediately previous therapy

session.

25. A method for treating a medical pathology, the method comprising:

receiving a first set of acoustic radiation scattered by a volume of tissue
containing at least a portion of the medical pathology;

thereafter, changing a temperature of the volume of tissue;

thereafter, receiving a second set of acoustic radiation scattered by the volume
of tissue; ‘

localizing the portion of the medical pathology from the first and second sets
of received acoustic radiation, wherein localizing the portion of the medical pathology
comprises identifying the medical pathology from differences in the first and second sets of
received acoustic radiation resulting from the change in temperature; and

thereafter, insonifying the portion of the medical pathology with sufficient
energy to damage the portion of the medical pathology.

26.  The method recited in claim 25 wherein insonifying the portion of the
medical pathology comprises focusing acoustic radiation onto the portion of the medical

pathology.
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27.  The method recited in claim 26 wherein focusing acoustic radiation
comprises: -

simulating propagation of a divergent acoustic wave from a source positioned
at a location of the portion of the medical pathology;

determining an intensity of the simulated divergent acoustic wave at locations
of acoustic sources; and

activating the acoustic sources to produce a corresponding acoustic wave

convergent on the location of the portion of the medical pathology.

28.  The method recited in claim 26 wherein insonifying the portion of the

medical pathology comprisés sonoporating the portion of the medical pathology.

29.  The method recited in claim 28 further comprising delivering
chemotherapy to the portion of the medical pathology substantially contemporaneously with

insonifying the portion of the medical pathology.

30.  The method recited in claim 29 wherein:

delivering chemotherapy to the portion of the medical pathology comprises
delivering microbubbles containing the chemotherapy to the location of the portion of the
medical pathology; and

insonifying the portion of the medical pathology damages the microbubbles to

release the chemotherapy.

31.  The method recited in claim 28 further comprising delivering a genetic
agent to the portion of the medical pathology substantially contemporaneously with

insonifying the portion of the medical pathology.

32.  The method recited in claim 31 wherein:

delivering the genetic agent to the portion of the medical pathology comprises
delivering microbubbles containing the genetic agent to the location of the portion of the
medical pathology; and

insonifying the portion of the medical pathology damages the microbubbles to

release the genetic agent.

36



WO 03/096883 PCT/US03/15511

33.  The method recited in claim 25 wherein localizing the portion of the
medical pathology further comprises identifying a three-dimensional boundary for the
medical pathology.

34.  The method recited in claim 25 wherein localizing the portion of the
medical pathology further comprises correlating a known position of an acoustically
reflective object proximate the medical pathology with a relative position of the medical

pathology to the known position.

35.  The method recited in claim 34 wherein the acoustically reflective
object comprises an acoustically reflective seed, the method further comprising depositing the

acoustically reflective seed into the volume of tissue.

36.  The method recited in claim 34 wherein the acoustically reflective

object comprises a natural object within a body that comprises the volume of tissue.

37.  The method recited in claim 25 wherein changing the temperature of
the volume of tissue comprises insonifying the volume of tissue with sufficient energy to

effect bhanging the temperature.

38.  The method recited in claim 25 further comprising inserting an

interstitial needle within the volume of tissue.

39.  The method recited in claim 38 wherein:
the interstitial needle includes an acoustic emitter; and
localizing the portion of the medical pathology comprises:
activating the acoustic emitter;
identifying a position of the acoustic emitter from at least one of the
first and second sets of received acoustic radiation; and
correlating the position of the emitter with a relative position of the

medical pathology.

40.  The method recited in claim 38 wherein:
the interstitial needle includes a thermocouple; and
changing the temperature of the volume of tissue comprises activating the

thermocouple.
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41.  The method recited in claim 38 wherein the interstitial needle is
adapted to ablate tissue, the method further comprising ablating the portion of the medical
pathology with the interstitial needle.

42 . The method recited in claim 41 wherein the interstitial needle is

adapted to ablate tissue cryogenically.

43 .  The method recited in claim 41 wherein the interstitial needle is

adapted to ablate tissue through microwave irradiation of the tissue.

44.  The method recited in claim 25 further comprising:

receiving a third set of acoustic radiation scattered by the volume of tissue
after insonifying the portion of the medical pathology to localize a remaining portion of the
medical pathology; and

thereafter, insonifying the remaining portion of the medical pathology with

sufficient energy to damage the remaining portion of the medical pathology.

45.  The method recited in claim 44 further comprising changing a
temperature of the volume of tissue after insonifying the portion of the medical pathology and

prior to receiving the third set of acoustic radiation.

46. A system for treating a medical pathology, comprising:

a sensing system configured to receive acoustic radiation scattered by a
volume of tissue containing at least a portion of the medical pathology, wherein the sensing
system comprises sensors adapted to be disposed to at least partially surround the tissue;

a transmitting system configured to direct acoustic radiation at the medical
pathology, wherein the transmitting system comprises transmitters adapted to be disposed to
at least partially surround the tissue; and

a processing system programmed to:

process information representative of the received acoustic radiation
and generate an acoustic image of the tissue;

simulate propagation of a divergent acoustic wave from a source
positioned at a location of the portion of the medical pathology;

determine an intensity of the simulated divergent acoustic wave at

locations of the transmitters; and
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activate the transmitters to produce a corresponding acoustic wave

convergent on the location of the portion of the medical pathology.

47.  The system of claim 46, wherein the processing system is further
programmed to localize the portion of the medical pathology from multiple sets of received
acoustic radiation, wherein localizing the portion of the medical pathology comprises
identifying the medical pathology from differences in at least first and second sets of received
acoustic radiation, each of the at least first and second sets of received acoustic radiation

being received when the portion of the medical pathology is at a different temperature.

48.  The system of claim 46, wherein the processing system is further
programmed to localize the portion of the medical pathology by correlating a known position
of an acoustically reflective object proximate the medical pathology with a relative position

of the medical pathology.

49,  The system of claim 48, wherein the acoustically reflective object

comprises an acoustically reflective seed.

50.  The system of claim 48, wherein the acoustically reflective object

comprises a natural object within a body that comprises the volume of tissue

51.  The system of claim 46, wherein the sensing system comprises a ring

transducer assembly.

52.  The system of claim 46, wherein the sensing system comprises a

paddle transducer assembly.

53.  The system of claim 52, wherein the paddle transducer assembly

comprises acoustically-coupling pliable bladders adapted to be disposed to surround the

tissue.

54.  The system of claim 46, further comprising means for changing the

temperature of the tissue.

55.  The system of claim 46, wherein changing the temperature of the
volume of tissue comprises insonifying the volume of tissue with sufficient energy to effect

changing the temperature
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56.  The system of claim 46, further comprising means for emitting

acoustic radiation from within the tissue.

57.  The system of claim 56, wherein the means for emitting acoustic

radiation from within the tissue comprises an interstitial needle.

58.  The system of claim 46, further comprising means for delivering

therapy via a probe inserted into the tissue.

59.  The system of claim 46, means for delivering pharmacological therapy

to at least a portion of the tissue.

60.  The system of claim 59, wherein the pharmacological therapy
comprises micro-bubbles for containing the pharmacological therapy, and wherein the micro-
bubbles are adapted to be fractured by the application of sufficient acoustic radiation from the

transmitting system.
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