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(57) ABSTRACT

Ultrasound systems and methods for real-time noninvasive
spatial temperature estimation are disclosed herein. A method
for noninvasive temperature estimation in accordance with an
embodiment of the present technology can include, for
example, propagating ultrasound waves into tissue and
detecting echoes of the ultrasound waves. The ultrasound
waves can become nonlinear as they propagate into the tissue.
The method can further include monitoring changes in tissue
temperature in real-time using a spectral-based temperature
estimation approach, which correlates nonlinear acoustic
effects with changes in tissue temperature.
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ULTRASOUND SYSTEMS AND METHODS
FOR REAL-TIME NONINVASIVE SPATIAL
TEMPERATURE ESTIMATION

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application is a divisional of U.S. patent appli-
cation Ser. No. 13/418,203, filed Mar. 12, 2012, which claims
the benefit of U.S. Provisional Patent Application No. 61/451,
451, filed Mar. 10,2011, each of which is incorporated herein
by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This disclosure was made with government support
under grant number RO1DK075090-01A1, awarded by the
National Institutes of Health. The government has certain
rights in the invention.

TECHNICAL FIELD

[0003] The present technology relates generally to ultra-
sound systems. In particular, several embodiments are
directed to ultrasound systems and methods for real-time
noninvasive spatial temperature estimation.

BACKGROUND

[0004] Various minimally invasive and noninvasive medi-
cal procedures use targeted applications of energy to increase
the temperature of tissue and form heat-induced lesions at a
treatment site in the tissue. High-intensity focused ultrasound
(“HIFU”) waves, for example, can be propagated into tissue
toward a discrete focal region, and the accumulation of the
resultant harmonic frequencies can induce rapid heating at
the focal region that ablates, necrotizes, and/or otherwise
damages the tissue. In a clinical setting, HIFU-induced heat-
ing can be used to treat benign and malignant tumors (e.g., in
the brain, uterus, prostate, liver, etc.) and/or occlude blood
vessels (e.g., to induce hemostasis of internal bleeds, inter-
vene in fetal blood sharing anomalies, and confine tumor
blood supply). During HIFU therapy and/or other treatments
that form heat-induced lesions, image guidance and treatment
monitoring (e.g., temperature monitoring) can be used for
controlling and optimizing the parameters of the treatment
and assessing its efficacy.

[0005] HIFU therapies are typically used with magnetic
resonance imaging (“MRI”) to monitor tissue temperature
and/or provide image guidance. For example, MRI can be
used to map a temperature profile of a treatment site with a
relatively high spatial resolution (e.g., approximately to 2
mm?), determine treatment volumes (e.g., magnetic reso-
nance images indicate coagulated tissue size and location
abovea threshold thermal dose), provide post-treatment veri-
fication, and follow post-treatment tissue repair. Although
MRI has relatively good spatial and temperature resolutions,
MRI has a limited time resolution that is inadequate for
motion compensation during therapies and causes misregis-
tration. In addition, MRI cannot estimate temperatures above
approximately 65° C. (when tissues begin to denature and
proton relaxation becomes dominant), therefore making it
unsuitable for HIFU therapies that induce focal temperatures
ranging from approximately 60-90° C. Moreover, the high
costs associated with MRI limit its availability to patients and
physicians.
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[0006] Ultrasound-based monitoring methods can also be
used for treatment monitoring during HIFU therapies, and
can be significantly less expensive than MRI-based methods.
Unlike MRI, ultrasound-based monitoring has a relatively
high temporal resolution (e.g., tens of Hertz). Some HIFU
systems use B-mode ultrasound for treatment monitoring,
such as HIFU devices made by Chongqing Haifu Technology,
Co. of Barcelona, Spain and the Sonoblate® 500 made by
Focus Surgery, Inc. of Indianapolis, Ind. During a HIFU
therapy, HIFU-induced bubble formations increase backscat-
ter and produce a hyperechoic region that correlates to the
HIFU focal region. B-mode ultrasound can use this hypet-
echogenicity to help direct therapy and measure tissue coagu-
lation. However, B-mode ultrasound systems cannot use the
induced hyperechogenicity to provide a direct indication of
tissue temperature or damage. In other types of ultrasound-
based monitoring, radiofrequency (RF) signals from diagnos-
tic ultrasound scanners are used to form maps based on tem-
perature-induced changes in tissue resonances. However,
RF-based maps are currently limited to temperatures well
below the coagulation threshold, and therefore cannot be used
during HIFU or other high-temperature therapies. Various
other ultrasound-based temperature monitoring techniques
have also been explored. For example, elastography-based
temperature estimation methods can use raw ultrasound RF
data from images obtained before and after external tissue
compression to image HIFU lesions based on changes in
tissue stiffness. Other elastography-based monitoring sys-
tems, such as ultrasound-stimulated acoustic emission meth-
ods, map tissue temperature by generating low frequency
radiation forces. The radiation forces have amplitudes that
depend on tissue stiffness and absorption (i.e., acoustic emis-
sions vary linearly with temperature), but only for tempera-
tures below the coagulation threshold (when then the strain-
temperature relationship is abolished). “Before and after”
ultrasound RF data has been used to form images based on
HIFU-induced changes, and is therefore insensitive to tissue
inhomogeneities. These and other ultrasound-based tempera-
ture estimation methods (e.g., acoustic radiation force imag-
ing) fail to provide real-time temperature mapping for the
temperatures reached during HIFU therapies and other thera-
pies that form heat-induced lesions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-
sary fee.

[0008] FIG. 1 is a block diagram illustrating a method for
real-time spectral-based noninvasive temperature estimation
in accordance with an embodiment of the present technology.
[0009] FIG. 2A is a graph illustrating amplitudes of
detected ultrasound signals for various different tissue tem-
peratures in accordance with an embodiment of the present
technology.

[0010] FIG. 2B is a graph illustrating a power spectrum of
the detected ultrasound signals of FIG. 2A in accordance with
an embodiment of the present technology.

[0011] FIG. 3Ais graph illustrating sound speed as a func-
tion of tissue temperature in accordance with an embodiment
of the present technology.

[0012] FIG. 3B is an M-mode color display configured in
accordance with an embodiment of the present technology.



US 2015/0005634 A1

[0013] FIGS. 4A and 4B are schematic views of an ultra-
sound transducer device for real-time temperature estimation
in accordance with an embodiment of the present technology.
[0014] FIG. 5 is a series of images representing the change
in tissue temperature during HIFU therapy taken using a
multi-layered ultrasound device configured in accordance
with an embodiment of the present technology.

[0015] FIG. 6 is a series of images representing changes in
tissue temperature during HIFU therapy estimated based on
local acoustic travel time in accordance with an embodiment
of the present technology.

DETAILED DESCRIPTION

[0016] The present technology is directed to ultrasound
systems and methods for real-time noninvasive spatial tem-
perature estimation. In several embodiments, for example, a
method for noninvasively estimating temperature can include
transmitting ultrasound waves into tissue using an ultrasound
source. The ultrasound waves can become nonlinear at or near
a focal region of the ultrasound source, and the ultrasound
source can detect the reflected harmonics of the nonlinear
ultrasound waves. The method can further include determin-
ing the tissue temperature at the focal region in real-time
using the changes in the magnitude of the detected harmonics.
For example, a greater magnitude of attenuation in a selected
harmonic (e.g., the fourth harmonic) correlates to an increase
in tissue temperature. In some embodiments, the method can
also incorporate temperature estimations based on acoustic
travel time to enhance temperature monitoring.

[0017] Certain specific details are set forth in the following
description and in FIGS. 1-6 to provide a thorough under-
standing of various embodiments of the technology. For
example, embodiments of noninvasive spatial temperature
estimation are discussed in relation to HIFU therapies. The
present technology, however, may be used to provide real-
time temperature estimation for other modalities that use
targeted energy to form a heat-induced lesion in tissue, such
as RF ablation and laser therapies. Other details describing
well-known structures and systems often associated with
ultrasound systems and associated devices have not been set
forth in the following disclosure to avoid unnecessarily
obscuring the description of the various embodiments of the
technology. A person of ordinary skill in the art, therefore,
will accordingly understand that the technology may have
other embodiments with additional elements, or the technol-
ogy may have other embodiments without several of the
features shown and described below with reference 1o FIGS.
1-6.

[0018] FIG.11is ablock diagram illustrating a method 100
for real-time noninvasive spatial temperature estimation in
accordance with an embodiment of the present technology.
The method 100 can include launching high energy ultra-
sound waves into tissue (block 102). The transmitted ultra-
sound waves can become nonlinear as they propagate through
the tissue, and the nonlinear propagation can generate har-
monics in the acoustic beam that develop at or near the focal
region of the ultrasound transducer from which they are trans-
mitted. At the focal region, the harmonic content can cause
acoustic beam narrowing, enhanced tissue heating and proxi-
mal focal shifts. The focal region can refer to a point, area, or
volume at which the intensity of the ultrasound transducer
source 1s the highest.

[0019] The method 100 can further include detecting the
harmonic content of the reflected ultrasound waves (block
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104). Higher harmonics (e.g., 2nd, 3rd, 4th . . . nth harmonics)
generated by the nonlinear waves have enhanced axial and
lateral resolution and an enhanced signal-to-noise ratio (e.g.,
compared to the fundamental frequency). Since nonlineari-
ties develop mainly at or near the focal region of an ultrasound
transducer, the nonlinear waves only need to propagate one
direction to be detected by the receiving ultrasound trans-
ducer (i.e., from the focal region to the ultrasound trans-
ducer). This is in contrast to the round-trip propagation path
of the original excitation signal (i.e., transmitted away from
and reflected back to the ultrasound transducer). Therefore,
the attenuation effects (resulting from propagation through a
tissue) on the higher harmonics are effectively half those of
the high frequency components present in the original driving
pulse. Accordingly, the signal provided by the nonlinear ultra-
sound waves has a frequency rich content that facilitates
recording the higher harmonics. As described in greater detail
below with reference to FIGS. 4A and 4B, in various embodi-
ments, a single ultrasound source can be configured to both
transmit the high energy ultrasound waves and detect the
higher harmonics of the reflected waves (i.e., have a broad
bandwidth for detecting rich harmonic content).

[0020] The nonlinear content of the frequency-rich signal
received by the ultrasound transducer can be used to estimate
the tissue temperature at or near the focal region (block 106).
Without being bound by theory, it is thought that increases in
acoustic energy absorption in tissue correspond to increases
in tissue temperatures. For example, higher temperatures
(e.g., temperatures greater than 50° C.) can have significant
effects on tissue attenuation that are thought to be due in large
part to an increase in acoustic energy absorption. Higher
harmonics are more susceptible to such acoustic energy
absorption, and therefore changes in the magnitudes of these
higher harmonics between time intervals can be used to indi-
cate changes in temperature. For example, a decrease in the
magnitude of a selected harmonic (e.g., a 4th harmonic)
within a given time interval indicates an increase in acoustic
energy absorption by the tissue (i.e., because more of the
harmonic content was absorbed), and therefore a correlated
increase in tissue temperature. In other embodiments,
changes in the slope between two or more harmonics (e.g,.,
between the 3rd and 4th harmonics, the 3rd and Sth harmonic,
etc.) can be correlated to changes in temperature.

[0021] This correlation between the attenuation in tissue
and temperature, as well as the relationship between sound
speed and temperature, are demonstrated in FIGS. 2A and 2B.
More specifically, FIG. 2A is a graph 200a illustrating a time
series of ultrasound signals as a function of increased tissue
temperature (i.e., from 35.0° C. t0 50.0° C.), and FIG. 2Bis a
graph 20054 illustrating the associated power spectrum of the
ultrasound signals in accordance with an embodiment of the
present technology. The graphs 200a-5 can include color-
coded channels, each associated with a different tissue tem-
perature value (i.e., 35.0° C., 40.8° C., 46.3° C. and 50.0° C.)
measured during the application of HIFU pulses (e.g., 2 MHz,
15 cycles pulse). As shown in FIG. 2A, the pulses shift to the
left of the graph 2004 as tissue temperature increases from
35.0°C. (abluecurve 203) to 46.3° C. (ared curve 201). This
indicates that sound travels faster in tissue as the tissue tem-
perature increases. However, as further shown in FIG. 2A, the
time shift of the ultrasound signal nears zero between 46.3° C.
and 50.0° C. (i.e., the red channel 201 and an aquamarine
channel 205 have approximately the same position with
respect to their position on the x-axis of the graph 200q). This
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corresponds to a plateau region 302 in the temperature vs.
sound graph 300 shown in FIG. 3A. As shown in FIG. 3A, the
plateau region 302 and the following decrease in the sound
speed illustrates the temperature at which it becomes difficult
to correlate sound speed to tissue temperature.

[0022] Referring back to FIG. 2A, the graph 200a also
illustrates that the amplitude of the signal decreases as the
temperature of the tissue increases. For example, the signal of
the red channel 201 (measured at a tissue temperature 0f 46.3°
C.) has a smaller amplitude than the signal of the blue channel
203 (measured at a tissue temperature of 35.0° C.), and this
correlates to a decreasing power of the harmonics as shown in
FIG. 2B. Accordingly, the attenuation of higher harmonics
increases as temperature increases. Unlike sound speed, these
differences in the magnitudes of the higher harmonics in their
power spectra remain significant and quantifiable at higher
temperatures (e.g., as indicated by the difference in amplitude
of the red channel 201 and the aquamarine channel 205). The
method 100 (FIG. 1) uses this characteristic to remotely infer
the in-situ tissue temperature by tracking the relative changes
in the magnitudes of the higher harmonics from consecutive
frames, a reference frame, or both.

[0023] The graphs 200a-5 shown in FIGS. 2A and 2B can
be formed from a spectral color M-mode display, which can
also be used to visually track temperature during HIFU
therapy. The M-mode display is made using backscattered
ultrasound signals recorded by an ultrasound imaging probe.
The received signals can be divided into three spectral bands,
and the power in each assigned to a red, green, or blue additive
color channel. By normalizing a spectrum from a region of
interest by its reference frame counterpart (e.g., the scan line
collected before HIFU therapy), the spectral temporal evolu-
tion can be visualized, with color representing power excess
in a band. For example, such an M-mode color display 350 is
illustrated in FIG. 3B, which can be used for-real time image
guidance and automated control of heat-induced therapy
(e.g., HIFU therapy). The M-mode color display 350 shows a
focal region 352 of increased backscattering and harmonics
due to bubbles, decreased high frequency content at a region
354 beyond the focal region 352, and another area 356 of
increased high frequency content proximate the focal region
352. These spectral-color pixels can then be mapped in 2-D in
time and space to create the graphs 200a-b shown in FIGS. 2A
and 2B. This spectral technique is less sensitive to misregis-
tration and motion artifacts than RF correlation processing
because the spectral magnitudes are obtained by integration
over a depth interval of, e.g., several millimeters.

[0024] Referring back to FIG. 1, once the tissue tempera-
ture has been determined, the method 100 can further include
forming a temperature profile of a region of interest using the
received signal (block 108). For example, the magnitude and/
or phase of a set of three harmonic components (i.e., the
1st-3rd harmonics, 2nd-4th, 3rd-5th harmonics, etc.) can be
encoded into an RGB additive color channel, beamformed
using a pixel-based beamformer, and displayed on a screen or
monitor as a two-dimensional (2-D) color image (e.g., the
M-mode color display 350 shown in FIG. 3B). Since
increases in temperature increase acoustic attenuation and
higher harmonics are most sensitive to this change in attenu-
ation, any temperature changes in the tissue at the region of
interest will become visible in the 2-D color image, and will
change dynamically from frame to frame as the tissue tem-
perature changes. As described in further detail below, in
other embodiments the spectral-based temperature estima-
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tion can be used to form 3-D temperature displays of the
region of interest to monitor temperature during treatment.
These 2-D and/or 3-D images can be used during HIFU
and/or other temperature-induced therapies to dynamically
track and visualize the temperature profile of a region of
interest.

[0025] Accordingly, the method 100 can be used to track
spectral changes in harmonic content to provide direct tem-
perature estimations and, optionally, display the changes in
tissue temperature as a dynamic 2-D and/or 3-D image. As
discussed above, the spectral-based method 100 can track the
high tissue temperatures reached during HIFU and other tar-
geted energy therapies, such as temperatures above the
coagulation threshold of a tissue (e.g., greater than 50° C.).
The method 100 is also generally unaffected by target move-
ment (e.g., a tumor, tissue mass, etc.) since the spectral con-
tent of the nonlinear ultrasound waves are obtained by inte-
gration over a depth.

[0026] Moreover, since the temperature estimation method
100 uses ultrasound imaging systems to detect the spectral
changes, the method 100 provides a more cost-effective and
convenient approach to temperature monitoring than MRI-
based techniques. For example, ultrasound systems are rela-
tively inexpensive and generally more portable than MRI
systems. When ultrasound energy is used as the modality for
temperature-induced tissue therapy, the ultrasound imaging
hardware can be integrated into the same assembly as the
therapeutic ultrasound hardware, thereby reducing the overall
size and maneuverability of the devices. Whether used inde-
pendently or combined with the therapeutic ultrasound sys-
tem, the ultrasound-based imaging and therapeutic systems
allow for a plug-and-play type system in which the ultrasound
imaging system is compatible with the therapeutic ultrasound
system and only requires additional software to process the
received data (e.g., to provide temperature estimations). In
addition, therapeutic ultrasound and/or other heat therapy
systems that use the method 100 to monitor temperature must
not be magnet-compatible (as is required for MRI monitor-
ing). Moreover, the effects of misregistration and path distor-
tion are reduced or minimized when the therapeutic and
monitoring systems are based on the same modality (i.e.,
ultrasound) because both the therapy and imaging beams
undergo similar distortions and therefore remain registered
with respect to one another.

[0027] In various embodiments, the method 100 can be
used to form a calibration look-up or reference table that
quantifies changes in harmonic magnitudes with temperature
variations. Such a reference table can be derived through
experiments using a tissue phantom and/or numerical simu-
lations (described below), and can subsequently be used to
provide quantitative temperature information. For example,
the reference table can be used during HIFU and/or other
targeted energy therapies to track the changes in tissue tem-
perature associated with the measured harmonic magnitude.
Similar reference tables can also be provided for various
slopes between selected harmonics and/or other nonlinear
acoustic quantities associated with changes in temperature.

Simulations of RF Imaging Data

[0028] Computer simulations can be performed to predict
the temperature at a treatment site during a heat-induced
therapy using selected treatment parameters and tissue prop-
erties. For example, time-domain software (e.g., Acoustic
Virtual Laboratory made by LMS International of Leuven,
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Belgium) can be used to model high intensity therapeutic
applications of ultrasound and its interaction with biological
media. In a particular embodiment, the software is based on
2-D, 2.5-D (cylindrical symmetry), or 3-D full-wave acoustic
propagation in inhomogeneous, lossy media coupled with
tissue-specific heat transfer laws for isotropic, inhomoge-
neous materials. The model can include nonlinear acoustic
propagation, frequency dependent power-law losses typical
of biological media, diffraction, and reflection/scattering
effects. The acoustic component of the software can be
coupled with a fully inhomogeneous bio-heat transfer model
to determine temperature development and evolution due to
the applied acoustic fields. The heat transfer component can
be configured to include perfusion effects in soft tissue where
it is assumed that the blood within capillary beds equilibrates
instantaneously with the temperature of the surrounding
medium. The heat transfer component can also model fluid
advection processes (e.g., flow within an artery) in finite
dimension blood vessels where there is no instantaneous tem-
perature equilibrium. The software may also provide for
simulations of various ultrasound transducers (e.g., different
beam shapes, frequencies, etc.) and of various heterogeneous
geometries. In addition, the software can provide output data
for spatial distribution at fixed times of various variables (e.g.,
pressure, intensity, temperature, etc.) and time signals at fixed
spatial locations. In various embodiments, the computer-
simulated model may be configured to reflect different
degrees of complexity in the dependence of sound speed on
temperature (e.g., as explained in further detail below), allow
attenuation to change with temperature, allow for the appear-
ance of bubbles, and/or allow for other suitable characteris-
tics of heat-induced therapies.

[0029] Simulation software can also be used for imaging
purposes. For example, RF backscatter data may be simulated
using a random assortment of point scatterers fixed to a
numerical grid and a conventional convolutional model using
the transmit/receive bandwidth of a particular ultrasound
imaging device. Using the simulated RF data can provide
highly controlled numerical testing for temperature estima-
tion algorithms and increased freedom in testing and optimiz-
ing different solutions for coded excitation (described
below).

Selected Embodiments of Ultrasound Transducer Devices for
Temperature Estimation

[0030] One or more ultrasound transducer devices can be
used to (1) provide adequate energy transmission to propa-
gate nonlinear waves, and (2) adequately capture the fre-
quency rich content of a received echo after it undergoes
nonlinear propagation. Conventional ultrasound probes are
designed to operate on a limited bandwidth centered at the
operating frequency, and therefore typically lack the sensitiv-
ity to detect meaningful amounts of harmonic scatter. How-
ever, a multi-layered ultrasound transducer device can be
configured to (1) transmit a narrow bandwidth signal that
provides a high conversion efficiency and high power ultra-
sound waves, and (2) receive a wide bandwidth to capture the
harmonic content in the echoes of the ultrasound waves to
enable the temperature estimation described herein (e.g., the
temperature estimation method 100 described with reference
to FIG. 1).

[0031] FIGS. 4A and 4B, for example, are schematic views
of such a multi-layer ultrasound transducer device 400
(“transducer device 400) configured in accordance with an
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embodiment of the present technology. Referring to FIG. 4A,
the transducer device 400 can include a first transducer 402a
that transmits high power ultrasound waves and a second
transducer 4025 that has a wide bandwidth for receiving the
harmonics of the reflected ultrasound waves. The first trans-
ducer 402¢ and the second transducer 4025 can have corre-
sponding first and second surfaces 401a and 4015 that are
oriented substantially parallel to one another and normal to an
acoustic axis 404-404. This allows the high energy ultrasound
waves to exit the transducer device 400 through an aperture
406 positioned over the first and second transducers 402a-b
(as indicated by the arrow on the acoustic axis 404-404), and
the reflected signals to enter the transducer device 400 via the
same aperture 406 (in the opposite direction of the arrow).
The second transducer 4025 can be relatively thin (e.g,,
acoustically transparent) such that its placement in front of
the first transducer 402a does not have a significant effect on
the transmit characteristics of the transducer device 400. As
further shown in FIG. 4A, the transducer device 400 can also
include an electrical connection layer 408 positioned between
the first and second transducers 402a-b and impedance
matching layers 410 (identified individually as first through
third impedance matching layers 410a-c, respectively) posi-
tioned around and between the transducers 402a-5. For illus-
trative purposes, the transducer device 400 shown in FIGS.
4A and 4B includes one multi-layered transducer element
(i.e., the co-aligned first and second transducers 402a-b), but
other transducer devices configured in accordance with the
present technology can include a plurality of multi-layer
transducer elements, such as a 32-element array, a 128-ele-
ment array, and/or arrays having more or less multi-layer
transducer elements. Multi-element arrays can provide an
increased imaging depth (e.g., for treatment of deeper organs,
such as the liver, spleen, kidney, etc.), better lateral and axial
resolution, and more power to generate nonlinear effects.

[0032] The first transducer 402a can be composed of a first
piezoelectric material that can be configured to transmit ultra-
sound waves that become nonlinear through propagation and,
optionally, receive echoes of the ultrasound wave it transmits.
The first piezoelectric material, for example, can be a piezo-
ceramic, such as lead-zirconate-titanate (PZT) or a com-
pound thereof, that has a high electro-acoustic conversion
efficiency and may also receive reflected ultrasound waves. In
other embodiments, however, the first piezoelectric material
can be used solely to transmit ultrasound waves. In further
embodiments, the first transducer 402a can be made from
other ceramic or non-ceramic piezoelectric compounds,
single crystals (e.g., isotropic amorphous ceramics), and/or
other suitable piezoelectric materials with high electro-
acoustic conversion efficiencies for transmitting acoustic
waves.

[0033] The second transducer 4025 can be composed of a
second piezoelectric material that has a wide bandwidth for
receiving echoes with rich frequency content from the
reflected ultrasound waves. In selected embodiments, for
example, the second piezoelectric material can have a band-
width of approximately 20 MHz, approximately 40 MHz, or
higher. The wide bandwidth allows the second transducer
4025 to receive the third harmonic of the transmit frequency
or higher dependent upon the acoustic properties of the trans-
mit medium. In other embodiments, the bandwidth of the
second piezoelectric material can be lower than 20 MHz, but
still suitable for receiving multiple harmonics.
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[0034] The second transducer 4025 can be made from
piezopolymer materials, such as polyvinylidene fluoride
(PVDF) and/or a co-polymer of PVDF with Trifloroethylene
(PVDE-TrFE). These materials exhibit a strong piezoelectric
response and have an acoustic impedance that is closer to
water than other piezoelectric materials (e.g., PZT), making
them suitable sensors for ultrasound waves propagating in a
medium with acoustic impedance similar to water (e.g.,
human soft tissue). In other embodiments, the second trans-
ducer 4024 can include other copolymers and/or other suit-
able materials that have a wide bandwidth.

[0035] In the embodiment illustrated in FIG. 4A, the sec-
ond transducer 40254 is positioned over and substantially co-
aligned with the first transducer 402a. The acoustic waves
transmitted by the first transducer 402a must, therefore,
propagate through the second transducer 4025 before exiting
the transducer device 400 via the aperture 406. Accordingly,
the second transducer 4025 can be made from a thin layer of
the second piezoelectric material such that it has a substan-
tially negligible effect (e.g., minimal attenuation) on the
transmitted wave. In selected embodiments, for example, the
second transducer 4026 can have a thickness of approxi-
mately 110 pm or less. In other embodiments, the second
transducer 4025 may be thicker than 110 pum, but still have a
substantially negligible effect on the transmitted wave. In
other embodiments, the first and second transducers 402a-b
can be laterally offset, side-by-side, staggered, and/or other-
wise oriented with respect to one another.

[0036] As shown in FIGS. 4A and 4B, the electrical con-
nection layer 408 can be positioned between the first and
second transducers 4024-b and electrically coupled to each
such that it can route electrical connections to the transducers
402a-b. Referring to F1G. 4B, the electrical connection layers
408 can be patterned with first channels 412a¢ and second
channels 4125 (e.g., traces) that are electrically isolated from
one another by an insulating layer 414. The electrical con-
nection layer 408, for example, can be a thin flex circuit (e.g.,
a flex circuit manufactured by Microconnex, Inc. of Sno-
qualmie, Wash.) that includes traces (e.g., copper, gold, etc.)
isolated from one another by a polymer material and/or other
flexible and insulative material. The firstand second channels
4124 and 4125 can be separately connected to the corre-
sponding transducers 402a-b such that the first channels 412a
route transmit signals (Tx) to and from the first transducer
402¢ and the second channels 4125 route receive signals (Rx)
to and from the second transducer 4025. In various embodi-
ments, such as when the first and second transducers 402a-b
are substantially co-aligned, the first channels 4124 can also
route receive signals (Rx) to and from the first transducer
402a.

[0037] As shown in FIG. 4B, second channels 4125 of the
electrical connection layer 408 can be coupled to an imped-
ance matching circuit 424 (e.g., on a printed circuit board
(“PCB”)) to isolate the second transducer 40256 from the
receive circuitry at a programmable imager (e.g., a computer
display). The second transducer 4025 can also be coupled via
the second channels 4124 to a high impedance input of a
non-inverting operational amplifier 420. The proximity of the
second channels 4125 to the second transducer 4025 and the
amplifier 420 (e.g., in a housing or handle of the transducer
device 400) allows the amplifier 420 to improve the receive
sensitivity of the second transducer 402a.

[0038] In some embodiments, the first transducer 402q,
because of its band-limited characteristics and its good effi-
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ciency in electrical-mechanical-electrical transduction and
power transfer, is used in a transmit/receive mode to generate
the interrogating signal and create the B-mode image at the
fundamental frequency. In such embodiments, the second
transducer 4025, because of its broadband characteristics,
good mechanical-electrical transduction, and relatively low
power transfer in transmit mode, is only used in a receive
mode to capture the higher frequency content ofthe echo. The
received harmonics can then be processed differentially for
standard B-mode harmonic imaging and for temperature esti-
mation. In various embodiments, a programmable ultrasound
engine (e.g., a Verasonics Ultrasound Engine made by Vera-
sonics, Inc. of Redmond, Wash.) can use flash imaging with
very high frame rates (e.g., up to 6 KHz), interleaving of
frame acquisition between the transmit and receive sub-
systems at rates of, e.g., greater than 120 Hz to provide
real-time monitoring. Further features of the transducer
device 400 and related multi-layer ultrasound transducer
devices are described in U.S. patent application Ser. No.
13/158,299, filed Jun. 10,2011, and entitled “MULTILAYER
ULTRASOUND TRANSDUCER DEVICES FOR HIGH
POWER TRANSMISSION AND WIDE-BANDWIDTH
RECEPTION AND ASSOCIATED SYSTEMS AND
METHODS,” incorporated herein by reference in its entirety.
In other embodiments, the temperature estimation methods
disclosed herein can be performed by other ultrasound trans-
ducers configured to transmit high energy ultrasound waves
and/or detect a broad bandwidth of the echoes.

[0039] FIG.5isaseries of images 500a-fof a treatment site
during HIFU therapy taken by a multi-layer ultrasound trans-
ducer device (e.g., the transducer device 400 described
above) in accordance with an embodiment of the present
technology. The images 500a-fillustrate the time evolution of
the local temperature rise in tissue for a HIFU therapy of
approximated 30 seconds at medium power. As shown in FIG.
5, the multilayer ultrasound device can track the focal area of
the HIFU source and the diffusion of heat as time increases. It
is also sufficiently sensitive enough to track temperature
changes at lower temperatures (e.g., before a thermal legion
has formed) and at higher temperatures.

[0040] In other embodiments, temperature estimation and
tracking can be performed by other suitable ultrasound
devices that can record higher harmonics. The ultrasound
device can propagate its own high energy signal from which
the higher harmonics are recorded and/or record the harmon-
ics of the ultrasound signal produced by the therapeutic ultra-
sound device.

Selected Embodiments of Transmit Pulse Sequences and
Echo Analysis

[0041] The transmit pulse sequence of an ultrasound trans-
ducer device (e.g., the transducer device 400 of FIGS. 4A and
4B) can be selected to enhance the signal-to-noise ratio and/
or emphasize the higher harmonic content of the echo signal.
In various embodiments, for example, a pulse inversion
method can be used to isolate harmonic content in the
received signal. The pulse inversion method can include
transmitting consecutive 1identical pulses of ultrasound
energy, each pulse having an inverse polarity of the previous
pulse, such that the harmonics are generated out of phase
during nonlinear propagation. Summing the received echoes
from two consecutive pulses cancels the fundamental, and
therefore the received signal isolates the nonlinear effects.
Conventional pulse inversion methods, however, only
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emphasize even harmonics and cancel out odd harmonics
(e.g., including the fundamental). This effectively reduces the
frequency content of the received signal by half, and thereby
reduces the sensitivity to changes in the harmonic content
used during the spectral-based temperature estimation
method described above.

[0042] A pulse inversion sequence can be modified to
include amplitude modulation to obviate the loss of harmonic
content. Similar to conventional pulse inversion methods, this
modified pulse inversion method can propagate consecutive
identical but inverse pulses. However, the reference pulse can
be transmitted at a low amplitude and the inverted pulse can
be transmitted at a high amplitude, or vice versa. The lower
amplitude signal propagates at least substantially linearly and
remains centered at the fundamental frequency. During the
detection of the echo, the lower amplitude signal can be
amplified to the level of the higher amplitude signal and
subtracted from it, thereby effectively suppressing only the
fundamental component and providing a full spectrum har-
monic content (e.g., both even and odd harmonics).

[0043] Due to the summing of consecutive inverted pulses,
the frame rate of both the modified and conventional pulse
inversion methods is reduced by a factor of two. However, a
high frame rate may not be necessary for real-time tempera-
ture estimation purposes due to the relatively large heat dif-
fusion constant. In addition, reducing the size or volume of
the region of interest for imaging purposes allows for an
increase in frame rate. For example, the imaging region of
interest during HIFU therapy can be restricted to or near the
small focal region of a HIFU applicator. When a higher frame
rate is desired, a programmable ultrasound engine with a high
frame rate (e.g., an ultrasound engine made by Verasonics of
Redmond, Wash.) can be used to generate a pulse inversion
sequence, and compensate for the reduced frame rate to pro-
vide real-time echo feedback.

[0044] In other embodiments, a coded excitation method
can be used to generate a suitable pulse sequence. Coded
excitation methods include the design of an interrogating
chirp signal and the design of a corresponding compression
filter that removes the frequency coding in the signal echoes
and recovers the desired axial resolution. Typically, the chirp
signal is implemented as a long, linear frequency-modulated
burst into a medium (e.g., tissue). The main design param-
eters of the chirp are length and bandwidth, which can be used
to determine the energy contained in the chirp and the maxi-
mum obtainable axial resolution after compression, respec-
tively. The design of the compression filter is typically based
on a matched-filter approach, which uses an autocorrelation
filter having an impulse response that is the time inverse of the
transmitted chirp. Typically, the compression filter has the
same bandwidth as the fundamental of the transmitted chirp.
This serves to extract the fundamental frequency from the
echo signal, adjust the phase of the frequency components,
and thereby isolate the nonlinear components of the received
echo.

[0045] In various embodiments, a nonlinear compression
filter can be used to selectively extract and compress the
higher harmonics from the received echo, and therefore the
resultant coded excitation method is not restricted to the
initial bandwidth of the transmit chirp and does not lose the
harmonic content generated by nonlinear propagation. For
example, the transmit chirp described above can still be used
as the transmitted coded signal, but decoding of the echo can
be achieved by parallel matched-filter banks that have two,
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three, four or more times the instantaneous frequency at every
time point. The echo can be properly apodized to reduce range
side lobes and maintain the same frequency bandwidth as if
the coded signal frequency were doubled, tripled, qua-
drupled, etc. For example, when a transmit chirp has a fre-
quency range of about 2-4 MHz, the compression filters can
have a frequency range of about 4-8 MHz, 6-12 MHz, and
8-16 MHz, respectively. From a frequency domain perspec-
tive, this implementation is equivalent to compression filters
that selectively extract and compress the second, third, and
fourth harmonic from the echo signal. These compressed
signals maintain good axial resolution and center frequencies
at the second, third, and fourth harmonic of the transmitted
chirp. This increase in frequency provides an increased sig-
nal-to-noise ratio that enhances the detection of the relative
changes in the higher harmonics frequency bands. Accord-
ingly, the frequency-enhanced coded excitation sequences
can facilitate frequency deconvolution for spectral tempera-
ture estimations (e.g., the method 100 described above).

Selected Embodiments of Temperature Estimation Using
Spectral Indicators

[0046] Once a suitable pulse sequence has been applied, the
nonlinear information can be extracted from the received
echo, which may be subject to the effects of frequency-de-
pendant attenuation, depth-dependant attenuation, and sig-
nal-to-noise degradation. For example, in some embodiments
wavelet analysis can be used to analyze echo signals. Wavelet
transforms can map low wavenumber information ofreceived
signals into coarsely sampled subspaces spanned by larger
scale wavelet bases, and can map high wavenumber informa-
tion into more finely sampled subspaces spanned by shorter
wavelet bases. Such wavelet analysis can treat a compression
filter as a blind deconvolution filter to maintain a suvitable
resolution, and also increase the signal-to-noise ratio using
the coded excitation methods described above. In various
embodiments, the wavelet analysis can also use a linear filter,
which is by nature time-invariant (i.e., filter coefficients are
not a function of time), to filter the echo signal as a whole. In
other embodiments, depth-dependent filters can be used dur-
ing wavelet analysis to provide a time-frequency analysis,
and/or other suitable filters can be used for wavelet analysis.
[0047] During wavelet analysis, a signal is typically
decomposed at different scales using a mother wavelet that is
at least generally similar to the original waveform. However,
the received signal (i.e., ultrasonic RF data) used for tempera-
ture estimation is not symmetrical, and therefore it would be
inefficient to select a standard mother wavelet with symmetry
(e.g., a Mexican hat waveform, Morlet waveform, etc.).
Instead, wavelet analysis can use a fast lifted interpolating
wavelet transform (“LIWT”) that is based on a lifting scheme
applied to second-generation wavelets. The second-genera-
tion wavelets do not include dilates or translates of a single
mother wavelet, but instead are constructed exclusively in the
signal domain using lifting. Therefore, the second-generation
wavelets basis function can be custom designed for complex
signals (e.g., those provided in a nonlinear echo signal). This
wavelet analysis allows for frequency filtering as a function of
time using a tailored model because the lifting scheme is
based directly on the features of the signal itself.

[0048] Wavelet analysis allows frequency resolution and
time resolution to remain proportionate to scale. This is in
contrast to the standard time-frequency spectrogram in which
resolution in frequency and time are inversely dependent
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(e.g., increased resolution in frequency results in a decreased
resolution in time). The proportionate frequency and time
resolution results in an overall quasi-constant fractional reso-
lution suitable for ultrasound imaging, in which a fractional
bandwidth is often a good indication of the axial resolution of
an ultrasound image produced by an ultrasound transducer.
This enhanced resolution provides greater freedom for pro-
cessing echo signals.

[0049] In various embodiments, wavelet signal processing
can also be used to denoise received echo signals before
compression filtering and analysis. For example, wavelet sig-
nal processing can include selecting a wavelet coefficient to
compensate for degradation in the signal-to-noise ratio (e.g.,
due to depth and frequency attenuation), and therefore any
signal processing on the wavelet-decomposed signal can be
done by a simple manipulation of the wavelet coefficients. In
some embodiments, for example, denoising can be performed
using a hard threshold approach in which wavelet coefficients
are set to zero if their magnitude is below the threshold.

Selected Embodiments of Temperature Estimation Using
Apparent Strain

[0050] The spectral-based temperature estimation
approach described above may be supplemented by or used in
conjunction with astrain-based approach. Strain-based cross-
correlation methods use time series information obtained
from raw RF data (e.g., acoustic travel time) to extract tem-
perature information. In some embodiments, apparent strain
can be estimated by tracking changes in acoustic travel time
between corresponding ultrasound scan lines on temporally
adjacent RF data frames. For example, RF voltage time series
can be reconstructed for each scan line in each RF frame and
subdivided into a series of segments of length (e.g., 1 mm
with 20% overlap). For each segment, a 1-D cross-correlation
can be used to find the best match within a search region
defined around the same spatial location on a temporally
adjacent frame acquired later in time. Time shifts can be
estimated using a polynomial spline matched to several points
in the cross-correlation. The time shift for which the best
match was obtained is the estimated travel time change for the
segment. This procedure can be repeated for all segments in a
frame to obtain a 2-D travel time change map corresponding
to two temporally adjacent RF frames. Results from consecu-
tive pairs of frames can be integrated in time to provide 2-D
maps of the accumulated travel time changes for any given
frame. To reduce the effects of noise, a local strain estimation
can be performed by differentiation in depth (e.g., using a
least squares algorithm). For example, FIG. 6 illustrates a
series ofimages 600a-d that show the change in local acoustic
travel time due to temperature rise estimated using such a
cross-correlation method.

[0051] While FIG. 6 illustrates that strain-based
approaches can be used to estimate temperature, strain-based
cross-correlation methods over extended periods of time are
sensitive to both endogenous and exogenous motion, and
therefore may hinder the accuracy of the temperature esti-
mates. For example, temperature estimations at a greater
depth may be subject to more movement, and therefore strain-
based cross-correlation methods may not provide accurate
temperature estimates. To mitigate the effects of motion, bio-
heat transfer equations temperature simulations can be used
to invert for temperature by using the travel-time data directly.
Alternatively or additionally, apparent strain data can be used
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to invert for temperature, thereby providing reduced compu-
tations for temperature estimation and reducing the decorre-
lation effects of motion.

[0052] As discussed above and as shown in FIG. 3, acoustic
travel time has a relatively low sensitivity at higher tempera-
tures (e.g., the temperatures used during HIFU therapies), and
the relationship between sound speed and temperature dimin-
ishes above the coagulation threshold temperature. The
multi-valued relationship between temperature and acoustic
speed can be mitigated by using a non-local approach to the
inversion, meaning that the temperature field must be con-
tinuous and subject to the smoothing effect of heat diffusion.
This constraint can be applied to tissue temperature in 3-D,
and may permit continuation of the temperature field into the
plateau region 305 (i.e., near 50°) and higher (e.g., to the
temperature at the HIFU focus).

Combining Strain Information and Spectral Signatures for
Quantitative Temperature Mapping.

[0053] Asdiscussed above, strain-based information can be
sensitive to movement and has a multi-valued relationship
with temperature. Spectral-based information may include
aliasing effects due to increases in proximal attenuation and
hysteretic effects in the attenuation when tissue undergoes
denaturation. For example, increases in proximal attenuation
can affect distal locations independently of the local tempera-
ture. That is, attenuation changes at a given location modify
the spectral content of the signal from a location further along
the propagation path. Accordingly, strain and spectral infor-
mation can be compounded and correlated with both strain-
based and spectral-based temperature calibration maps (e.g.,
experimentally obtained and/or simulated) and with previous
compounded reference frames (i.e., in earlier periods of time)
to quantify temperature changes.

[0054] In some embodiments, weighting parameters may
be used to emphasize either one process or the other as nec-
essary. For example, strain-based temperature estimations
can have a higher weighting factor than spectral-based esti-
mations in regions proximate to the source of the transmitted
wave because this region is subject to less movement and the
nonlinear effects necessary for spectral-based estimations
may not yet have developed. Spectral-based temperature esti-
mations can have a higher weighting factor at a region posi-
tioned at a depth in the tissue, i.e., where nonlinear effects
have taken place and more movement occurs. This combina-
tion of strain- and spectral-based temperature estimation
methods can improve temperature estimation accuracy and/
or real-time treatment monitoring.

Resolution and Motion Artifacts

[0055] Spatial and lateral resolutions depend, at least in
part, on the methods used for the excitation pulse and echo
analysis described above. In some embodiments, the transmit
pulse can be relatively long (e.g., 5-10 cycles; similar to those
used for Color Doppler visualization), have a frequency of
approximately 2 MHz, and the ultrasound transducer device
can operate at an F-number between about 1.0 and about 1.5.
Such transmit pulses may provide an axial resolution of less
than approximately 1 mm and a lateral resolution of about 0.5
mm at the fundamental frequency. The nonlinear content of
the signal may provide an actual spatial resolution that is
significantly higher. In other embodiments, the spatial reso-
lution can be lower or higher.
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[0056] Temperature resolution can also depend on the
selected transmit pulse and the echo analysis. In some
embodiments, for example, the temperature estimation meth-
ods described above can detect temperature changes of about
5° C. for temperatures ranging from about 35° C. to about 50°
C. In other embodiments, the temperature estimation meth-
ods can resolve temperature changes of a minimum of about
1-2° C. in the full clinical temperature range of 35-90° C. In
further embodiments, temperature estimation methods can
have higher or lower resolutions and/or estimate temperature
at higher or lower ranges.

[0057] Invarious embodiments, strain-spectral compound-
ing can be used to isolate the confounding effects of motion
and deformation using methods, and thereby enhance tem-
perature and/or spatial resolution(s). As described above,
motion artifacts can have a significant effect on strain-based
temperature estimations, but do not significantly influence
spectral content and the relative magnitude of the harmonics
in the returned signal. This allows for the decorrelation of a
strain-based estimate that is not supported by estimated
changes in the spectral domain. Accordingly, strain-spectral
based temperature estimation can detect, isolate, and elimi-
nate extrinsic motion artifacts from the temperature estima-
tion.

3-D Ultrasound Imaging and 3-D Temperature Mapping

[0058] The temperature estimation methods described
above can be used to image and estimate temperatures in three
dimensional space to aid treatment monitoring and guidance.
In some embodiments, 3-D ultrasound imaging can be pet-
formed with freehand 3-D ultrasound imaging systems.
When a 1D linear PZT-PVDF probe is used to obtain spectral
and/or strain information (e.g., the multi-layered transducer
device 400 shown in FIGS. 4A and 4B), a 3-D ultrasound
display can be formed based on 2-D imaging techniques with
additional spatial tracking. For example, a 3-D ultrasound
imaging system (e.g., an HDI 5000 ultrasound imager made
by Phillips Healthcare of The Netherlands) can be communi-
catively coupled to a magnetic tracking system to register 2-D
images in a 3-D coordinate system. The images can be cap-
tured on a computer by a frame-grabber from the video output
of the ultrasound imaging scanner, and the system can track
and record the 3-D position (x,y,z coordinates) and orienta-
tion (roll, pitch, yaw of the receiver axes relative to the trans-
mitter axes) of each 2-D image. Various software programs
can manipulate the captured data to form a 3-D image of the
region of interest (e.g., using Visual C# made by Microsoft,
Corp. of Redmond, Wash.). The 3-D image can be superim-
posed with and display dynamic quantitative temperature
data using surface and/or volume reconstruction.

[0059] In other embodiments, an imaging assembly (e.g.,
the transducer device 400 of FIGS. 4A and 4B) can be com-
bined with a HIFU and/or other suitable energy source, and
the assembly can be mounted or otherwise attached to an
articulated arm that can used to track the position of the
assembly. The articulated arm can provide flexible position-
ing, provide high accuracy, and avoid the line of sight and
metallic interference limitations associated with optical and
magnetic trackers, respectively. In one embodiment, for
example, an imaging and HIFU transducer can be attached to
a MicroScribe© G2X 3-D digitizing arm made by CNC Ser-
vices, Inc. of Amherst, Va., and may be integrated with 3-D
image capture software, which can provide a 6D spatial mea-
surement output (i.e., coordinates (x,y,z) and orientations
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(roll, pitch, yaw)). In some embodiments, the 3-D ultrasound
system provided by an articulated arm and combined with
magnetic tracking can provide 0.1 mm accuracy =1 mm pre-
cision.

[0060] During a HIFU or other energy-based therapy, the
articulated arm or other suitable device can provide a con-
tinuous sweep of the imaging transducer across a region of
interest to provide the images to generate a 3-D volume
reconstruction of the region of interest. This 3-D volume can
be displayed on, e.g., a screen or monitor, and the location of
the current image plane displayed on the monitor in real time
within the volume. In various embodiments, the graphical
displays can include transparent volume rendering, surface
renderings of the region of interest, orthogonal planar slicing,
a combination of these and/or other suitable types of displays
for image guidance and monitoring treatment progress. In
some embodiments, an isosurface display can be used for
temperature visualization. For example, the displayed vol-
ume can include a surface that is color-coded according to the
value of the temperature measured. Orthogonal slicing can
also be incorporated to allow the operator to navigate within
the volume and monitor treatment at specific sites of interest.
Suitable volume visualization algorithms can be developed
using Visualization Toolkit software made by Kitware, Inc. of
Clifton Park, N.Y. Inother embodiments, real-time 3-D imag-
ing can be provided using data collected from 2-D imaging
probes, and the reconstruction and rendering can be applied
directly to the data.

CONCLUSION

[0061] From the foregoing, it will be appreciated that spe-
cific embodiments of the technology have been described
herein for purposes of illustration, but that various modifica-
tions may be made without deviating from the disclosure.
Certain aspects of the new technology described in the con-
text of particular embodiments may be combined or elimi-
nated in other embodiments. Additionally, while advantages
associated with certain embodiments of the new technology
have been described in the context of those embodiments,
other embodiments may also exhibit such advantages, and not
all embodiments need necessarily exhibit such advantages to
fall within the scope of the technology. Accordingly, the
disclosure and associated technology can encompass other
embodiments not expressly shown or described herein. Thus,
the disclosureis not limited except as by the appended claims.

I/'We claim:
1. A method of noninvasively treating tissue, the method
comprising:

applying targeted energy to tissue at a treatment site;

transmitting ultrasound waves that become nonlinear at a
focal region in the tissue;

detecting harmonics of the nonlinear ultrasound waves;
and

determining tissue temperature at the focal region in real-
time using changes in the magnitudes of detected har-
monics to estimate the tissue temperature, wherein
greater attenuvation of an individual harmonic correlates
to an increase in the tissue temperature.

2. The method of claim 1 wherein applying targeted energy
to the tissue at the treatment site comprises pulsing high-
intensity focused ultrasound (HIFU) waves toward the target
site.
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3. The method of claim 1 wherein determining the tissue
temperature comprises determining the tissue temperature
after the tissue has coagulated.
4. The method of claim 1, further comprising monitoring
changes in tissue temperature proximal to the focal region
using changes in the sound speed of detected echoes of ultra-
sound waves to estimate the tissue temperature, wherein
faster sound speeds correlate to higher tissue temperatures.
5. The method of claim 1 wherein:
transmitting ultrasound waves comprises transmitting
ultrasound waves with a multilayer transducer device,
the multilayer transducer device having a first plurality
of transducers configured to propagate HIFU waves and
a second plurality of transducers; and

detecting harmonics of the nonlinear ultrasound waves
comprises detecting up to at least the third harmonic
with the second plurality of transducers of the multilayer
transducer device.
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