a9y United States
12) Patent Application Publication (o) Pub. No.: US 2020/0205668 A1

US 20200205668A1

Cho et al. (43) Pub, Date: Jul. 2, 2020
(54) METHOD AND SYSTEM FOR MONITORING ~ (52) U.S. Cl.
TISSUE TEMPERATURE CPC . AG1B 5/0093 (2013.01); AGIB 5/015

(2013.01); A61B 5/201 (2013.01); A61B

(71) Applicant: ENDRA Life Sciences Inc., Ann Arbor, 5/4244 (2013.01); A61B 2576/00 (2013.01);
MI (US) A6IB 5/4872 (2013.01); A61IB 5/489
(2013.01); A61B 5/4836 (2013.01); A61B
(72) Inventors: Jang Hwan Cho, Ann Arbor, MI (US); 5/7278 (2013.01); A61B 5/4519 (2013.01)
Paul A. Picot, London (CA); Michael (57) ABSTRACT
M. Thornton, London (CA) A thermoacoustic imaging system and method for monitor-
ing tissue temperature within a region of interest, which has
(73) Assignee: ENDRA Life Sciences Inc., Ann Arbor, an object of interest and a reference that are separated by at
MI (US) least one boundary. The system and method include a
thermoacoustic imaging system with an adjustable radio
(1) Appl. No.: 16/233,935 frequency (RF) applicator configured to emit RF energy
pulses into the tissue region of interest and heat tissue
) therein, an acoustic receiver configured to receive bipolar
(22) Filed: Dec. 27, 2018 acoustic signals generated in response to heating of tissue in
the region of interest, and one or more processors that
Publication Classification process at least one received bipolar acoustic signal gener-
ated in the region of interest in response to the RF energy
(51) Int.CL pulses to determine a peak-to-peak amplitude thereof and
A61B 5/00 (2006.01) calculate a temperature at the at least one boundary using the
A61B 5/01 (2006.01) peak-to-peak amplitude of the at least one bipolar acoustic
A6IB 520 (2006.01) signal.
20
22
I COMPUTING I
DEVICE
24 26
[ v 6 30 4 v |
ULTRASOUND THERMOACOUSTIC
IMAGING IMAGING
SYSTEM SYSTEM
36
34
RO

SUBJECT '§"




Patent Application Publication  Jul. 2,2020 Sheet 1 of 8 US 2020/0205668 A1

20
22 /
|
COMPUTING
——> DEVICE «—
24 2
| v 6 3 o v |
ULTRASOUND THERMOACOUSTIC
IMAGING IMAGING
SYSTEM SYSTEM
3%
34
ROI
SUBJECT"S"

FIG. 1



US 2020/0205668 A1

Jul. 2,2020 Sheet 2 of 8

Patent Application Publication

215

220

36‘\<

225

\

=
—
\
v__
o Vo) [
o (@) ;_
N N p -—
N & \\\\\\\\\\\ u/_
\\\\\\\\\\\\\\\\\\\\ )
I e Yool /
I e -~
lllllll —— —
lllj'l.ﬂlll." lllll

-
-
—

VIivavl

FIG. 2



Patent Application Publication  Jul. 2,2020 Sheet 3 of 8 US 2020/0205668 A1
310,315
36
E-FIELD A

STRENGTH |
\
\
300
\
(NN
\\\ A ~ 305

\ \\\__7 ______ 3
>

FIG. 3

DISTANCE



Patent Application Publication

Jul. 2,2020 Sheet 4 of 8

410~

LOCATE REGION
OF INTEREST
CONTAINING AN
OBJECT OF INTEREST
AND A REFERENCE

'

420~

IDENTIFY AT LEAST
ONE BOUNDARY
BETWEEN
THE OBJECT OF
INTEREST AND THE
REFERENCE

!

430~

OBTAINAT LEAST ONE
SET OF
THERMOACOUSTIC
DATA OF THE REGION
OF INTEREST

!

440~

PROCESS
THERMOACOUSTIC
DATATO
DETERMINE AN
AMPLITUDE OF
BIPOLAR SIGNAL(S)

!

450~

DETERMINE
TEMPERATURE
OF BOUNDARY

BASED ON

AMPLITUDE

FIG. 4

US 2020/0205668 A1



Patent Application Publication  Jul. 2,2020 Sheet 5 of 8 US 2020/0205668 A1

2 36
3 500
5]\0 525 h / ; '/
\ h g rd

520

Y o)
505 515

FIG.5



Patent Application Publication

Jul. 2,2020 Sheet 6 of 8

610~

TEMP. OF BOUNDARY
OBJECT OF INTEREST,
REFERENCE
DETERMINED
AT STEP 450

!

620~

LOCATE SECOND
OBJECT OF
INTEREST

!

630~

OBTAIN
THERMOCOUSTIC
DATA OF SECOND

OBJECT OF

INTEREST

!

640—)

PROCESS
THERMOACOUSTIC
DATA TO
DETERMINE
AMPLITUDE OF
BIPOLAR SIGNALS

!

650~

ESTIMATE
TEMPERATURE
OF SECOND OBJECT
OF INTEREST

FIG. 6

600

US 2020/0205668 A1



Patent Application Publication  Jul. 2,2020 Sheet 7 of 8 US 2020/0205668 A1

FIG. 7



Patent Application Publication

Jul. 2,2020 Sheet 8 of 8

©
~

o
w

e

Water

Grueneisen parameter
O
NS

40 60

Temperature (°C)

1.01

0.51

TA

T precision (°C)

0.1

T precision (°C)

10 50 100

1000

Number of measurements

averaged

FIG.

80

o~
o N

©
~

8

700

US 2020/0205668 A1

PA

10

200 1000

Number of measurements
averaged



US 2020/0205668 A1l

METHOD AND SYSTEM FOR MONITORING
TISSUE TEMPERATURE

FIELD

[0001] The subject disclosure relates to thermoacoustic
imaging and in particular, to a method and system for
monitoring tissue temperature.

BACKGROUND

[0002] During thermotherapy or cryotherapy, it is neces-
sary to monitor temperature distribution in the tissues to
ensure safe deposition of heat energy in the surrounding
healthy tissue and for efficient destruction of tumor and
abnormal cells. To this end, real-time temperature monitor-
ing with spatial resolution (approximately 1 millimeter) and
high temperature sensitivity (1 degree Kelvin or better) is
needed.

[0003] The most accurate temperature monitoring is by
directly measuring the temperature with a thermocouple or
thermistor. However, directly measuring the temperature is
invasive, is generally not preferred, and is simply not
feasible.

[0004] Several non-invasive temperature monitoring
methods have been developed. For example, infrared ther-
mography has been used to monitor tissue temperature.
Although infrared thermography has 0.1 degree Celsius
accuracy, it is limited to only superficial temperatures.

[0005] Ultrasound has been used to monitor tissue tem-
perature. Although ultrasound has good spatial resolution
and high penetration depth, the temperature sensitivity of
ultrasound is low.

[0006] Magnetic resonance imaging has been used to
monitor tissue temperature.

[0007] Although magnetic resonance imaging has advan-
tages of high resolution and sensitivity, magnetic resonance
imaging is expensive, bulky, and slow.

[0008] Although techniques for monitoring tissue tem-
perature have been considered, improvements are desired. It
is therefore an object at least to provide a novel method and
system for monitoring tissue temperature.

SUMMARY

[0009] It should be appreciated that this Summary is
provided to introduce a selection of concepts in a simplified
form that are further described below in the Detailed
Description. This Summary is not intended to be used to
limit the scope of the claimed subject matter.

[0010] Accordingly, in one aspect there is provided a
method for estimating tissue temperature, the method com-
prising (1) directing, using a radio frequency (RF) applicator,
one or more RF energy pulses into the tissue region of
interest, the tissue region of interest comprising an object of
interest and at least one reference that are separated by at
least one boundary; (i1) detecting, using an acoustic receiver,
at least one bipolar acoustic signal generated in the region of
interest in response to the RF energy pulses and processing
the at least one bipolar acoustic signal to determine a
peak-to-peak amplitude thereof; and (iii) calculating a tem-
perature at the at least one boundary using the peak-to-peak
amplitude of the at least one bipolar acoustic signal.
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[0011] In one or more, embodiments, the method com-
prises estimating a temperature of the object of interest
based on the calculated temperature at the at least one
boundary.

[0012] In one or more embodiments, the method com-
prises detecting, using the acoustic receiver, at least one
other bipolar acoustic signal generated by a second object of
interest in response to the RF energy pulses and processing
the at least one other bipolar acoustic signal to determine a
peak-to-peak amplitude thereof.

[0013] In one or more embodiments, the method com-
prises comparing the peak-to-peak amplitude of the bipolar
acoustic signal, the calculated temperature at the at least one
boundary and the peak-to-peak amplitude of the other bipo-
lar acoustic signal to estimate a temperature of the second
object of interest.

[0014] In one or more embodiments, the boundary is at a
location between at least two different types of tissue.
[0015] In one or more embodiments, the two different
types of tissue are one of muscle and fat; a blood vessel and
fat; and liver tissue and kidney tissue.

[0016] In one or more embodiments, the method com-
prises repeating steps (i) to (iii) during treatment to continu-
ously monitor tissue temperature.

[0017] According to another aspect there is provided a
system for determining tissue temperature within a region of
interest comprising an object of interest and a reference that
are separated by at least one boundary, the system compris-
ing a thermoacoustic imaging system comprising an adjust-
able radio frequency (RF) applicator configured to emit RF
energy pulses into the tissue region of interest and heat tissue
therein and an acoustic receiver configured to receive bipo-
lar acoustic signals generated in response to heating of tissue
in the region of interest; and one or more processors con-
figured to: process at least one received bipolar acoustic
signal generated in the region of interest in response to the
RF energy pulses to determine a peak-to-peak amplitude
thereof; and calculating a temperature at the at least one
boundary using the peak-to-peak amplitude of the at least
one bipolar acoustic signal.

[0018] In one or more embodiments, the one or more
processors are further configured to estimate a temperature
of the object of interest based on the calculated temperature
at the at least one boundary.

[0019] In one or more embodiments, the one or more
processors are further configured to detect, using the acous-
tic receiver, at least one other bipolar acoustic signal gen-
erated by a second object of interest in response to the RF
energy pulses and process the at least one other bipolar
acoustic signal to determine a peak-to-peak amplitude
thereof.

[0020] In one or more embodiments, the one or more
processors are further configured to compare the peak-to-
peak amplitude of the bipolar acoustic signal, the calculated
temperature at the at least one boundary and the peak-to-
peak amplitude of the other bipolar acoustic signal to
estimate a temperature of the second object of interest.
[0021] According to another aspect there is provided a
method of monitoring tissue temperature, the method com-
prising (i) directing, using a radio frequency (RF) applicator,
one or more RF energy pulses into the tissue region of
interest, the tissue region of interest comprising an object of
interest and at least one reference that are separated by at
least one boundary; (i1) detecting, using an acoustic receiver,
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at least one bipolar acoustic signal generated in the region of
interest in response to the RF energy pulses and processing
the at least one bipolar acoustic signal to determine a
peak-to-peak amplitude thereof; (iii) calculating a tempera-
ture at the at least one boundary using the peak-to-peak
amplitude of the at least one bipolar acoustic signal; and (iv)
repeating the directing, detecting and calculating to monitor
the temperature at the at least one boundary.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] embodiments will now be described more fully
with reference to the accompanying drawings in which:
[0023] FIG. 1 is a schematic view of an imaging system;
[0024] FIG. 2 is a graph showing exemplary bipolar
acoustic signals;

[0025] FIG. 3 is a graph showing exemplary electric field
strength attenuation curves;

[0026] FIG. 4 is a flowchart of a method for estimating
tissue temperature;

[0027] FIG. 5 is an exemplary region of interest contain-
ing an object of interest and a reference;

[0028] FIG. 6 is a flowchart of another method for esti-
mating tissue temperature;

[0029] FIG. 7 shows various parts of a human body that
can be imaged using the imaging system of FIG. 1; and
[0030] FIG. 8 is a graph showing how the Griineisen
parameter changes with temperature.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0031] The foregoing summary, as well as the following
detailed description of certain examples will be better under-
stood when read in conjunction with the appended drawings.
As used herein, an element or feature introduced in the
singular and preceded by the word “a” or “an” should be
understood as not necessarily excluding the plural of the
elements or features. Further, references to “one example” or
“one embodiment” are not intended to be interpreted as
excluding the existence of additional examples or embodi-
ments that also incorporate the described elements or fea-
tures. Moreover, unless explicitly stated to the contrary,
examples or embodiments “comprising” or “having” or
“including” an element or feature or a plurality of elements
or features having a particular property may include addi-
tional elements or features not having that property. Also, it
will be appreciated that the terms “comprises”, “has”,
“includes” means “including but not limited to” and the
terms “comprising”, “having” and “including” have equiva-
lent meanings.

[0032] As used herein, the term “and/or” can include any
and all combinations of one or more of the associated listed
elements or features.

[0033] It will be understood that when an element or
feature is referred to as being “on”, “attached” to, “con-
nected” to, “coupled” with, “contacting”, etc. another ele-
ment or feature, that element or feature can be directly on,
attached to, connected to, coupled with or contacting the
other element or feature or intervening elements may also be
present. In contrast, when an element or feature is referred
to as being, for example, “directly on”, “directly attached”
to, “directly connected” to, “directly coupled” with or
“directly contacting” another element of feature, there are no
intervening elements or features present.
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[0034] Tt will be understood that spatially relative terms,
such as “under”, “below”, “lower”, “ovet”, “above”,
“upper”, “front”, “back’ and the like, may be used herein for
ease of description to describe the relationship of an element
or feature to another element or feature as illustrated in the
figures. The spatially relative terms can however, encompass
different orientations in use or operation in addition to the
orientations depicted in the figures.

[0035] In the following, a method and system for estimat-
ing tissue temperature are described. Generally, the method
and system utilize an RF applicator to obtain thermoacoustic
data of tissue within a region of interest (ROI) of a subject.
The thermoacoustic data is analyzed to estimate tissue
temperature.

[0036] Turning now to FIG. 1, an exemplary imaging
system is shown and is generally identified by reference
numeral 20. As can be seen, the imaging system 20 com-
prises a programmed computing device 22 communicatively
coupled to an ultrasound imaging system 24 and to a
thermoacoustic imaging system 26. The ultrasound imaging
system 24 and thermoacoustic imaging system 26 are con-
figured to obtain ultrasound image data and thermoacoustic
image data, respectively, of a tissue region of interest ROI
associated with a subject S.

[0037] The programmed computing device 22 in this
embodiment is a personal computer or other suitable pro-
cessing device comprising, for example, a processing umt
comprising one or more processors, system memotry (vola-
tile and/or non-volatile memory), other non-removable or
removable memory (e.g., a hard disk drive, RAM, ROM,
EEPROM, CD-ROM, DVD, flash memory, etc.) and a
system bus coupling the various computer components to
the processing unit. The computing device 22 may also
comprise networking capabilities, using Ethernet, Wi-Fi,
and/or other suitable network format, to enable connection
to shared or remote drives, one or more networked comput-
ers, or other networked devices. One or more input devices,
such as a mouse and a keyboard (not shown) are coupled to
the computing device 22 for receiving operator input. A
display device (not shown), such as one or more computer
screens or monitors, is coupled to the computing device 22
for displaying one or more generated images that are based
on ultrasound image data received from the ultrasound
imaging system 24 and/or the thermoacoustic image data
received from thermoacoustic imaging system 26.

[0038] The ultrasound imaging system 24 comprises an
acoustic receiver in the form of an ultrasound transducer 28
that houses one or more ultrasound transducer arrays 30
configured to emit sound waves into the region of interest
ROI of the subject S. The sound waves directed into the
region of interest ROI of the subject echo off tissue within
the region of interest ROI, with different tissues reflecting
varying degrees of sound. Echoes that are received by the
one or more ultrasound transducer arrays 30 are processed
by the ultrasound imaging system 24 before being commu-
nicated as ultrasound image data to the computing device 22
for further processing and for presentation as ultrasound
images that can be interpreted by an operator. In this
embodiment, the ultrasound imaging system 24 utilizes
B-mode ultrasound imaging techniques assuming a nominal
speed of sound of 1,540 m/s. As ultrasound imaging systems
are known in the art, further specifics of the ultrasound
imaging system 24 will not be described further herein.
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[0039] The thermoacoustic imaging system 26 comprises
an acoustic receiver in the form of a thermoacoustic trans-
ducer 32. The thermoacoustic transducer 32 houses one or
more thermoacoustic transducer arrays 34 as well as a radio
frequency (RF) applicator 36. It will however be appreciated
that the RF applicator 36 may be housed separately from the
thermoacoustic transducer 32. The RF applicator 36 is
configured to emit short pulses of RF energy that are
directed into tissue within the region of interest ROI of the
subject. In this embodiment, the RF applicator 36 has a
frequency between about 10 Mhz and 100 GHz and has a
pulse duration between about 0.1 nanoseconds and 10 nano-
seconds. The RF energy pulses delivered to the tissue within
the region of interest ROI heat the tissue thereby to induce
acoustic pressure waves that are detected by the thermoa-
coustic transducer 32. The acoustic pressure waves that are
detected by the thermoacoustic transducer 32 are processed
and communicated as thermoacoustic image data to the
computing device 22 for further processing and for presen-
tation as thermoacoustic images that can be interpreted by
the operator.

[0040] In this embodiment, the ultrasound transducer 28
and thermoacoustic transducer 32 are mechanically inter-
connected so that the spatial relationship between the one or
more ultrasound transducer arrays 30, the one or more
thermoacoustic arrays 34 and the RF applicator 36 are
known. The spatial relationship is set using a centerline of
the one or more ultrasound transducer arrays 34, the one or
more thermoacoustic transducer arrays 34, and RF applica-
tor 36. Each centerline is defined as being a mid-point of an
area of the respective transduce array.

[0041] In this embodiment, the spatial relationship
between the one or more ultrasound transducer arrays 30 and
the one or more thermoacoustic transducer arrays 34 is such
that the centerline of the one or more thermoacoustic trans-
ducer arrays 34 is set at know angle a with respect to the
centerline (also known as the axial axis or ultrasound
transducer array beam axis) of the one or more ultrasound
transducer arrays 30. The spatial relationship between the
one or more thermoacoustic transducer arrays 34 and the RF
applicator 36 is such that the centerline of the RF applicator
36 is spaced-apart and generally parallel to the centerline of
the one or more thermoacoustic transducer arrays 34.

[0042] The imaging system 20 utilizes the known spatial
relationship between the one or more ultrasound transducer
arrays 30 and the one or more thermoacoustic transducer
arrays 34 to increase the precision and accuracy of thermoa-
coustic imaging.

[0043] The coordinate system of the one or more ultra-
sound transducer arrays 30 of the ultrasound transducer 28
and the coordinate system of the one or more thermoacoustic
transducer arrays 34 of the thermoacoustic transducer 32 are
mapped by the computing device 22 so that acquired ultra-
sound and thermoacoustic images can be registered. Alter-
natively, the thermoacoustic imaging system 26 may make
use of the one or more ultrasound transducer arrays 30 of the
ultrasound transducer 28 by disconnecting the one or more
ultrasound transducer arrays 30 from the ultrasound trans-
ducer 28 and connecting the one or more ultrasound trans-
ducer arrays 30 to the thermoacoustic transducer 32. As will
be appreciated, by doing this coordinate mapping between
the one or more ultrasound transducer arrays 28 and the one
or more thermoacoustic transducer arrays 34 is not required.
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[0044] During thermoacoustic imaging of a region of
interest that includes a boundary between fat or fatty tissue
and soft or lean tissue, bipolar acoustic signals are generated
that are received by the thermoacoustic transducer 32. This
is due to the fact that the soft or lean tissue absorbs more heat
than the fat or fatty tissue causing it to expand rapidly across
the boundary and into the fat or fatty tissue, that expands
less, and then quickly contract. The strength or peak-to-peak
values of the bipolar acoustic signals depend on the relative
absorption properties of the fat or fatty tissue and the soft or
lean tissue. The strength or peak-to-peak values of the
bipolar acoustic signals also depend on the temperature of
the boundary between the fat or fatty tissue and soft or lean
tissue.

[0045] Exemplary bipolar acoustic signals 200, 205 and
210 are shown in FIG. 2. The bipolar acoustic signals 200,
205 and 210 are generated in response to thermoacoustic
imaging of a tissue region of interest ROI comprising a first
tissue 220 and a different type of second tissue 225 that are
separated by a boundary 215. The dashed line 230 indicates
a time point corresponding to the boundary 215. The dif-
ferences in the peak-to-peak values of the bipolar acoustic
signals 200, 205 and 210 represent the extent to which the
first tissue 220 expands into the boundary 215 and into the
second tissue 225 before contracting. As the temperature of
the boundary 215 increases, the amount that the first tissue
220 expands into the boundary 215 and into the second
tissue 225 increases. As such, the peak-to-peak amplitude of
each bipolar acoustic signal 200, 205 and 210 is proportional
to a temperature at the boundary 215. As can be seen, the
peak-to-peak value of bipolar acoustic signal 200 is greater
than that of bipolar acoustic signals 205, 210 and the
peak-to-peak value of bipolar acoustic signal 205 is greater
than that of bipolar acoustic signal 210. As such, the
temperature of the boundary 215 when bipolar acoustic
signal 200 is generated is greater than the temperature of the
boundary 215 when bipolar signal 205 is generated. Simi-
larly, the temperature of the boundary 215 when bipolar
acoustic signal 205 is generated is greater than the tempera-
ture of the boundary 215 when bipolar signal 210 is gener-
ated.

[0046] Exemplary electric field strength attenuation
curves 300 and 305 are shown in FIG. 3. Each electric field
strength attenuation curve 300, 305 represents the electric
field strength attenuation of tissue 310, 315, respectively, as
a function of distance from the RF applicator 36 of the
thermoacoustic imaging system 26. The tissue 310 associ-
ated with electric field strength attenuation curve 300 has a
different temperature and Griineisen parameter than the
tissue 315 associated with electric field strength attenuation
curve 305. As will be appreciated, temperature has either a
positive or negative effect on thermoacoustic bipolar signals
depending on the temperature relationship between electric
field strength and Griineisen parameter for a respective type
of tissue.

[0047] The imaging system 20 exploits the relationship
between thermoacoustic bipolar signals and temperature to
estimate tissue temperature during thermoacoustic imaging.
[0048] Turning now to FIG. 4, a method of determining
tissue temperature during thermoacoustic imaging is shown.
Initially during the method, a region of interest ROI within
the subject S to be imaged that contains an object of interest
and a reference separated by at least one boundary is located
(step 410). In this embodiment, the region of interest ROI is
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located using the ultrasound imaging system 24. Specifi-
cally, ultrasound image data obtained by the ultrasound
imaging system 24 is communicated to the computing
device 22. The ultrasound image data is processed by the
computing device 22 and a reconstructed ultrasound image
is presented on the display device. The operator moves the
ultrasound transducer 28 on the subject’s body until the
region of interest is located. When locating the region of
interest, the computing device 22 overlays information
associated with the angle of the centetline of the one or more
transducer arrays 30 of the ultrasound transducer 28 overtop
of the reconstructed ultrasound image an the display device.
The information is used to provide feedback to the operator
to ensure the axial axis of the ultrasound transducer 28 is
generally perpendicular to a boundary between the object of
interest and the reference.

[0049] An exemplary region of interest 500 containing an
object of interest 505 and a reference 510 is shown in FIG.
5. In this embodiment, the object of interest 505 is the
subject’s liver and the reference 510 is the subject’s kidney.
Also shown in FIG. 5 is the RF applicator 36 and the
thermoacoustic transducer 32.

[0050] At least one boundary between the object of inter-
est and the reference is then identified in the reconstructed
ultrasound image (step 420). In this embodiment, the at least
one boundary is identified by the operator using an input
device such as a mouse coupled to the computing device 22.
Specifically, the operator draws a box that encompasses at
least a portion of the object of interest 505, at least a portion
of the reference 510 and the identified boundary between the
portions of the object of interest and the reference. The
computing device 22 provides feedback to the operator via
the display device to indicate the approximate angle between
the box and the boundary to ensure the box is generally
perpendicular to the boundary.

[0051] An exemplary box 515 is shown in FIG. 5. As can
be seen, the box 515 encompasses a portion of the object of
interest 505 (the liver), a portion of the reference 510 (the
kidney), and the boundary 520 between the object of interest
505 and the reference 510. The boundary 520 is selected at
a particular location 525 where the liver and the kidney are
in close relation to one another.

[0052] The RF applicator 36 is conditioned to generate
short RF energy pulses. The RF energy pulses are directed
into the region of interest 500 to deliver energy to the object
of interest 505 and the reference 510 within the region of
interest ROI. In response, bipolar acoustic signals are gen-
erated that are detected by the thermoacoustic transducer 32
(step 430).

[0053] Since the angle o between the centerline of the one
or more transducer arrays 30 of the ultrasound transducer 28
and the centerline of the one or more transducer arrays 34 of
the thermoacoustic transducer 32 is known, the operator is
able to adjust position of the thermoacoustic transducer 32
with respect to the subject’s body such that the thermoa-
coustic imaging system 26 is able to obtain thermoacoustic
image data of the region of interest at a desired imaging
angle o. The desired imaging angle o is such that the
centerline of the one or more transducer arrays 34 of the
thermoacoustic transducer 32 extends through the boundary
520 between the object of interest 505 and the reference 510.

[0054] The bipolar acoustic signals are in turn communi-
cated to the computing device 22 for processing (step 440).
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In this embodiment, the computing device 22 is pro-
grammed to determine the peak-to-peak amplitudes of the
bipolar acoustic signals.

[0055] The temperature of the boundary 520 is determined
using the peak-to-peak amplitudes of the bipolar acoustic
signals (step 450). In this embodiment, the temperature of
the boundary 520 is determined based on the following.
[0056] The pressure rise of the acoustic pressure wave is
proportional to a dimensionless parameter called a Grii-
neisen parameter and local fluence. The local fluence is
dependent on tissue parameters such as for example the
absorption coefficient, scattering coeflicient and anisotropy
factor. The local fluence does not change significantly with
temperature.

[0057] The Griineisen parameter is dependent on isother-
mal compressibility, the thermal coefficient of volume
expansion, the mass density, and the specific heat capacity at
constant volume of the tissue. As shown in FIG. 8, the
Griineisen parameter changes significantly with tempera-
ture. As such, the strength or peak-to-peak value of the
bipolar acoustic signal generated from the acoustic pressure
wave is dependent on tissue temperature.

[0058] Using the Griineisen parameter and strength or
peak-to-peak value of the bipolar acoustic signal, the tem-
perature of the boundary can be determined. In this embodi-
ment, the temperature of the boundary is calculated using the
following equations.

[0059] The thermoacoustic pressure p(r,t) produced by a
heat source H(r, t) obeys the following equation:

2

d
H(r, D

v? plr, 1) EP

B
r ,—C—zﬁp(b l)——c—p

where r is the spatial position vector, B is the isobaric volume
expansion coeflicient, ¢ is the sound speed and C, is the
specific heat capacity. Solving equation 1 with respect to the
acoustic pressure wave p(r, t) yields the following forward
problem:

) dr OH(, 1)
* 47zC fff|r r| Tar

[0060] The heat source H(r, t) is modeled as the product of
two factors which are the spatial distribution of energy
absorption A(r) and the temporal irradiation function I(t)
[0061] The spatial distribution of energy absorption A(r) is
determined based on characteristics of the tissue(s) being
imaged. Since the thermoacoustic transducer array 30 has a
finite bandwidth, received thermoacoustic data p (1) is a
result of the convolution of acoustic pressure wave p(r, t)
and the impulse response of the thermoacoustic transducer
array 30 h(t) as set out in equation 3:

PALDPE* A &)

where *, denotes a one-dimensional temporal convolution.
[0062] As will be appreciated, for conventional thermoa-
coustic imaging, the goal is to recover the spatial absorption
distribution A(r) by inverting the forward problem. As such,
the irradiation function is modeled as a temporal function
that is uniform throughout the field at a given time point.
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[0063] Due to the limited bandwidth of the thermoacoustic
transducer array used to receive thermoacoustic data, accu-
rately recovering the absorption distribution is not trivial. As
such, extracting quantitative information such as tissue
temperature from thermoacoustic data requires sophisticated
methods beyond that of conventional reconstruction meth-
ods.

[0064] When the region of interest is heated with a pulse
of RF energy, the power deposition per unit volume A(r) is
expressed as:

A(D)=0eqe" E2 () “

where w is the radian frequency, €, is the vacuum permit-
tivity, E", is the imaginary part of the relative permittivity of
the tissue and E(r) is the electric field strength. The strength
of thermoacoustic data S(r) obtained from a tissue is the
product of the deposited energy and the Griineisen param-
eter of the tissue I':

S()TAP)Toce, E(0) )

[0065] Within dielectric lossy medium, the electric field
strength is attenuated as it propagates through the medium.
The amount of attenuation is determined by various factors
such as for example characteristics of region of interest and
characteristics of the RF applicator 36. The spatial distribu-
tion of the electric field is:

E@)=Eok4() ®

where Ej is the maximum electric field strength forward to
the region of interest and E (r) is the attenuation of the
electric field over a given space. For a simple 1D case, the
attenuation E (1) can be expressed in exponential form:

Ey(dy=e™? ™

where 1 is the electric field absorption coefficient of the
region of interest and d is the distance of the region of
interest from the applicator.

[0066] As mentioned, the strength or peak-to-peak ampli-
tudes of the bipolar signals represent the absorption property
difference between the object of interest and the reference.
Further, the phase of the thermoacoustic data at the boundary
indicates which tissue (object of interest or the reference)
has a higher or lower absorption coefficient. The strength or
peak-to-peak amplitudes S, of the thermoacoustic signals
measured at the boundary location, is expressed in equation
8.0:

Spu(l €'y, -Toe) ook (8.0)

where subscripts 1 and 2 denote two different tissues located
on each side of the boundary, r;, and E, denotes the incident
electric field strength at the boundary, and p is a calibration
scaling constant. The calibration scaling constant of the
given system will depend on various factors such as trans-
ducer characteristics and applied signal processing tech-
niques. Without loss of generality, the value of the calibra-
tion scaling constant can assumed to be 1 for the derivations
below.

[0067] As shown in equation 8.0, the strength of the
acquired thermoacoustic data is determined by tissue prop-
erties and the strength of the electric field.

[0068] Since the properties of the reference are known, to
determine the temperature of the object of interest, only the
strength of the electric field at the boundary is required. Put
another way, since tissue with a higher temperature will have
different dielectric and thermal properties than lower tem-
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perature tissue, the temperature at the boundary between the
reference and the object of interest is deduced.
[0069] The Griineisen parameter of the tissue T' is a
function of temperature. In this embodiment, it is assumed
that the relationship between the Griineisen parameter of the
tissue I" and temperature of the tissue is linear:

C(T)y=al+b 8.1

Where a is the slope of the linear relationship, T is an offset
of the temperature which applies to a linear portion of the
modeled temperature range (for example corresponding to a
linear temperature range of 20 to 80 degrees Celsius), and b
is the value at T=0. It will be appreciated that in other
embodiments higher order functions or other types of math-
ematical relationships can be used.

[0070] Using the linear relationship of equation 8.1, equa-
tion 8.0 is rewritten as:

SF((a1T+bI)E"r,l_(a2T+b2)€”r,2)0‘)EOElz 8.2)
Solving for temperature T generates equation 8.3:
T=(((SY(0egEf))~bi€", 1 =boe", )@ €, 1 +05€", ) (8.3)

[0071] As will be appreciated, the dielectric properties of
tissue are also temperature dependent. For each tissue type
the relationship between the dielectric properties and tem-
perature are unique. The above equations assume that the
dielectric properties of tissue are fixed. To more accurately
determine temperature, the permittivity of each tissue type is
modeled as a function of temperature. As a result, equation
(8.2) is rewritten as:

SAT (D" (D-To(De", (D) wek]” (8.4)
or
Sz:((a1T+b1:"5”r,1(T)‘(‘12T*'bz)f''r,z(T))(’J'EoEl2 (8.5)

By rearranging terms, the following function of temperature
is defined:

g(T)E((alT"'bl)E”r,1(T)‘(az T+bz)ﬁ”;~,z(T)):Sl/(‘DECElZ) {8.6)

As such, for different temperatures, the function g(T) is
tabulated from models and experiments.

[0072] As will be appreciated, the incident electric field E,
at the boundary can be determined using Eq. (6):

E=E e v {9.0)

where E, is the electric field strength at the start of the
reference, 1,1, the attenuation coefficient of the reference,
d,./is the thickness of'the reference. In this embodiment, the
electric field strength, E, is modeled via a finite-difference
time domain (FDTD) method and is inferred based on
measurements at the skin.

[0073] Electric field attenuation of tissue also depends on
temperature. As such, equation 9 can be rewritten with
temperature dependence as follows:

E(T)=Eqe e Ddret 9.1y

Using the above equations, the following function of tem-
perature is defined:
h(T)E((alT“'bl)E”r,l(T)—(azT“'bz)Eyyr,z(D)eznwﬁ:D:Sl/

(weEy2e 24 9.2)
For different temperatures, the function h(T) may be tabu-
lated from models and experiments. Each component of
h(T) is either measured or modeled for different tempera-
tures. Using the function h(T) the temperature at the bound-
ary is determined.
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[0074] Tt is assumed that the object of interest and refer-
ence have the same temperature at the boundary. As such,
once the temperature of the boundary 520 is determined, the
temperature of the object of interest and the reference are
estimated. Steps 430 to 450 may be repeated to continuously
monitor the temperature of the object of interest during
medical procedures such as for example during hyperther-
mia treatment.

[0075] In another embodiment, the temperature of the
boundary, object of interest and reference may be used to
estimate the’temperature of a second object of interest
(which in a separate embodiment, can correspond to the
entire region of interest or an area affected by a medical
procedure). An exemplary method 600 is shown in FIG. 6.
The method follows step 450 described above, wherein the
temperature of the boundary, object of interest and reference
are determined (step 610). A second object of interest is
located using the ultrasound imaging system 24 (step 620).
In this embodiment, the second object of interest is a tumour.
RF energy pulses are directed to deliver energy to the second
object of interest. In response, bipolar acoustic signals are
generated that are detected by the thermoacoustic transducer
32 (step 630). The bipolar acoustic signals are communi-
cated to the computing device 22 for processing (step 640).
In this embodiment, the computing device 22 is pro-
grammed to determine the peak-to-peak amplitudes of the
bipolar acoustic signals.

[0076] By comparing the peak-to-peak amplitudes of the
bipolar acoustic signals determined during step 440, the
temperature of the boundary, object of interest and reference
determined during step 450, and the peak-to-peak ampli-
tudes of the bipolar acoustic signals determined during step
640, the temperature of the second object of interest may be
estimated (step 650). Steps 610 to 650 may be repeated to
continuously monitor the temperature of the second object
of interest during medical procedures such as for example
during hyperthermia treatment.

[0077] Although in embodiments the object of interest is
described as being the liver and the reference is described as
being the kidney, those skilled in the art will appreciate that
thermoacoustic data may be obtained for other parts of the
body. As shown in FIG. 7, various parts of the body that may
be imaged using the above-described system and method
include the epi/pericardial adipose tissue 1301, the liver
1302, subcutaneous adipose tissue 1303, visceral adipose
tissue 1304, subcutaneous gluteal-femoral adipose tissue
1305, perivascular adipose tissue 1306, myocardial fat 1307,
pancreas fat 1308, renal sinus fat 1309, and muscle fat 1310.
[0078] Ttwill be appreciated that in some embodiments the
thermoacoustic data may be corrected according to an
thermoacoustic data adjustment. For example, thermoacous-
tic 201 signals propagate through space in the form of
acoustic pressure waves. Received signals at the ultrasound
transducer array can be expressed according to equation 10:

P50 s plr.pydS (10)

where S is the surface area of the ultrasound transducer
array. Both the properties of the thermoacoustic transducer
array and its positioning relative to the region of interest may
have an effect on the thermoacoustic data.

[0079] Although in embodiments described above the
reference is described as being selected by the operator,
those skilled in the art will appreciate that alternatives are
available. For example, in another embodiment the reference
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may be automatically defined, using an algorithm performed
by the computing device based on known geometry and/or
known ultrasound properties of particular types of tissue
within the region of interest.

[0080] Further, the boundary between the reference and
the object of interest may be automatically defined using
algorithms based on ultrasound segmentation or thermoa-
coustic data analysis. As will be appreciated, both operator-
defined and automatic methods may be combined.

[0081] Although in embodiments described above the
strength or peak-to-peak amplitude of the bipolar signal is
used, those skilled in the art will appreciate that other
metrics may be used such as for example a simple peak
(maximum), a p-norm, area under the bipolar signal, etc.
[0082] As will be appreciated, embodiments described
above can be performed in realtime or off-line using images
stored in memory.

[0083] Although the thermoacoustic imaging system is
described as comprising an RF source configured to generate
short pulses of RF electromagnetic radiation, those skilled in
the art will appreciate that in other embodiments the ther-
moacoustic imaging system may comprise a visible light
source or an infrared radiation source with a wavelengths
between 400 nm and 10 pm and a pulse duration between 10
picoseconds and 10 microseconds.

[0084] Although in embodiments described above the
thermoacoustic imaging system and the ultrasound imaging
system are described as using one or more ultrasound
transducer arrays, those skilled in the art will appreciate that
the alternatives are available. For example, a single trans-
ducer element, an ultrasound transducer array having a
linear or curved one-dimensional array, or a two-dimen-
sional ultrasound transducer array may be used. In addition,
a gel-like material or water capsule may be used to interface
the one or more ultrasound transducer arrays with the region
of interest.

[0085] Although in embodiments described above, the
temperature is estimated using thermoacoustic data obtained
of a single region of interest, those skilled in the art will
appreciate that multiple regions of interest may be analyzed
and combined.

[0086] Although in embodiments described above blood
vessels are described as being identified manually by an
operator, those skilled in the art will appreciate that blood
vessels may be identified in other ways. For example, in
another embodiment automatic or semi-automatic algo-
rithms may be used to identify one or more blood vessels. In
other embodiments, Doppler imaging methods may be used
to identify blood vessels.

[0087] Those skilled in the art will appreciate that the
above-described ultrasound image data and thermoacoustic
data may be one-dimensional, two-dimensional or three-
dimensional. In embodiments, the ultrasound image data
may be in a different dimension than the thermoacoustic
data. For example, ultrasound image data may be two-
dimensional and the thermoacoustic data may be one-di-
mensional. Further, different fields of view may be used.
[0088] In another embodiment, different types or models
of transducer arrays may be used with the thermoacoustic
and ultrasound imaging systems. In this embodiment, a
transform may be used to map a thermoacoustic absorption
image to the ultrasound image. In another embodiment, in
the event that knowledge of transducer array geometry is not
readily available, the thermoacoustic absorption image may
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be mapped to the ultrasound image using phantom reference
points. In this embodiment, a transform may be used to map
known phantom reference points from the thermoacoustic
absorption image to the phantom reference points on the
ultrasound image.

[0089] Although the ultrasound imaging system is
described as using B-mode ultrasound imaging techniques,
other techniques may be used such as for example power
Doppler images, continuous wave Doppler images, etc.
[0090] Those skilled in the art will appreciate that other
objects of interest may be evaluated and other references
may be used such as for example the heart, kidney(s), lung,
esophagus, thymus, breast, prostate, brain, muscle, nervous
tissue, epithelial tissue, bladder, gallbladder, intestine, liver,
pancreas, spleen, stomach, testes, ovaries, uterus, skin and
adipose tissues.

[0091] Although in embodiments described above ther-
moacoustic data is obtained of the region of interest, those
skilled in the art will appreciate that thermoacoustic data
may be obtained for an area larger than the region of interest.
[0092] Using the foregoing specification, the invention
may be implemented as a machine, process, or article of
manufacture by using standard programming and/or engi-
neering techniques to produce programming software, firm-
ware, hardware or any combination thereof.

[0093] Any resulting program(s), having computer-read-
able instructions, may be stored within one or more com-
puter-usable media such as memory devices or transmitting
devices, thereby making a computer program product or
article of manufacture according to the invention. As such,
functionality may be imparted on a physical device as a
computer program existent as instructions on any computet-
readable medium such as on any memory device or in any
transmitting device, that are to be executed by a processor.
[0094] Examples of memory devices include, hard disk
drives, diskettes, optical disks, magnetic tape, semiconduc-
tor memories such as FLASH, RAM, ROM, PROMS, and
the like. Examples of networks include, but are not limited
to, the Internet, intranets, telephone/modem-based network
communication, hard-wired/cabled communication net-
work, cellular communication, radio wave communication,
satellite communication, and other stationary or mobile
network systems/communication links.

[0095] A machine embodying the invention may involve
one or more processing systems including, for example,
computer processing unit (CPU) or processor, memory/
storage devices, communication links, communication/
transmitting devices, servers, 1/O devices, or any subcom-
ponents or individual parts of one or more processing
systems, including software, firmware, hardware, or any,
combination or subcombination thereof, which embody the
invention as set forth in the claims.

[0096] Using the description provided herein, those skilled
in the art will be readily able to combine software created as
described with appropriate or special purpose computer
hardware to create a computer system and/or computer
subcomponents embodying the invention, and to create a
computer system and/or computer subcomponents for car-
rying out the method of the invention.

[0097] Although embodiments have been described above
with reference to the accompanying drawings, those of skill
in the art will appreciate that variations and modifications
may be made without departing from the scope thereof as
defined by the appended claims.
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What is claimed is:

1. A method for estimating tissue temperature, the method
comprising:

(1) directing, using a radio frequency (RF) applicator, one
or more RF energy pulses into the tissue region of
interest, the tissue region of interest comprising an
object of interest and at least one reference that are
separated by at least one boundary;

(ii) detecting, using an acoustic receiver, at least one
bipolar acoustic, signal generated in the region of
interest in response to the RF energy, pulses and
processing the at least one bipolar acoustic signal to
determine a peak-to-peak amplitude thereof; and

(iii) calculating a temperature at the at least one boundary
using the peak-to-peak amplitude of the at least one
bipolar acoustic signal.

2. The method of claim 1, further comprising estimating

a temperature of the object of interest based on the calcu-
lated temperature at the at least one boundary.
3. The method of claim 1, further comprising detecting,
using the acoustic receiver, at least one other bipolar acous-
tic signal generated by a second object of interest in response
to the RF energy pulses and processing the at least one other
bipolar acoustic signal to determine a peak-to-peak ampli-
tude thereof.
4. The method of claim 3, comprising comparing the
peak-to-peak amplitude of the bipolar acoustic signal, the
calculated temperature at the at least one boundary and the
peak-to-peak amplitude of the other bipolar acoustic signal
to estimate a temperature of the second object of interest.
5. The method of claim 1, wherein the boundary is at a
location between at least two different types of tissue.
6. The method of claim 5, wherein the two different types
of tissue are one of:
muscle and fat;
a blood vessel and fat; and
liver tissue and kidney tissue.
7. The method of claim 1, further comprising repeating
steps (1) to (iii) during treatment to continuously monitor
tissue temperature.
8. A system for determining tissue temperature within a
region of interest comprising an object of interest and a
reference that are separated by at least one boundary, the
system comprising:
a thermoacoustic imaging system comprising an adjust-
able radio frequency (RF) applicator configured to emit
RF energy pulses into the tissue region of interest and
heat tissue therein and an acoustic receiver configured
to receive bipolar acoustic signals generated in
response to heating of tissue in the region of interest;
and
one or more processors configured to:
process at least one received bipolar acoustic signal
generated in the region of interest in response to the
RF energy pulses to determine a peak-to-peak ampli-
tude thereof; and

calculating a temperature at the at least one boundary
using the peak-to-peak amplitude of the at least one
bipolar acoustic signal.

9. The system of claim 8, wherein the one or more
processors are further configured to:

estimate a temperature of the object of interest based on
the calculated temperature at the at least one boundary.
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10. The system of claim 9, wherein the one or more

processors are further configured to:

detect, using the acoustic receiver, at least one other
bipolar acoustic signal generated by a second object of
interest in response to the RF energy pulses and process
the at least one other bipolar acoustic signal to deter-
mine a peak-to-peak amplitude thereof.

11. The system of claim 10, wherein the one or more

processors are further configured to:

compare the peak-to-peak amplitude of the bipolar acous-
tic signal, the calculated temperature at the at least one
boundary and the peak-to-peak amplitude of the other
bipolar acoustic signal to estimate a temperature of the
second object of interest.

12. A method of monitoring tissue temperature, the

method comprising:

(1) directing, using a radio frequency (RF) applicator, one
or more RF energy pulses into the tissue region of
interest, the tissue region of interest comprising an
object of interest and at least one reference that are
separated by at least one boundary;

(i) detecting, using an acoustic receiver, at least one
bipolar acoustic signal generated in the region of inter-
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est in response to the RF energy pulses and processing
the at least one bipolar acoustic signal to determine a
peak-to-peak amplitude thereof’

(iii) calculating a temperature at the at least one boundary
using the peak-to-peak amplitude of the at least one
bipolar acoustic signal; and

(iv) repeating the directing, detecting and calculating to
monitor the temperature at the at least one boundary.

13. The method of claim 12, further comprising:

estimating a temperature of the object of interest based on
the calculated temperature at the at least one boundary.

14. The method of claim 12, further comprising:

detecting, using the acoustic receiver, at least one other
bipolar acoustic signal generated by a second object of
interest in response to the RF energy pulses and pro-
cessing the at least one other bipolar acoustic signal to
determine a peak-to-peak amplitude thereof.

15. The method of claim 14, comprising comparing the
peak-to-peak amplitude of the bipolar acoustic signal, the
calculated temperature at the at least one boundary and the
peak-to-peak amplitude of the other bipolar acoustic signal
to estimate a temperature of the second object of interest.

* ok %k
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