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(7) ABSTRACT

A radio frequency applicator comprises an open-ended,
hollow waveguide having an aperture therein. A solid insert
is positioned within the waveguide. The solid insert has a
recess formed therein that is aligned with the aperture. Filler
material is provided between facing surfaces of the wave-
guide and the insert to fill gaps therebetween. A radio
frequency (RF) source extends through the aperture and into
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RADIO FREQUENCY APPLICATOR AND
THERMOACOUSTIC IMAGING SYSTEM
EMPLOYING THE SAME

FIELD

[0001] The subject disclosure relates to thermoacoustic
imaging and in particular, to a radio frequency (RF) appli-
cator and a thermoacoustic imaging system employing the
same and to a method of assembling a radio frequency
applicator.

BACKGROUND

[0002] Inhigh frequency systems, it is common to employ
waveguides to guide electromagnetic waves or sound with
minimal loss of energy by restricting expansion of the
electromagnetic waves propagating within the waveguides
to one or two dimensions. Depending on the nature of the
electromagnetic waves to be propagated, the waveguides
may take different forms. Also, in many instances, filters are
employed to allow electromagnetic waves at some frequen-
cies to pass and travel along the waveguides, while rejecting
electromagnetic waves at other frequencies. For example,
when propagating radio frequency (RF) waves, hollow,
open-ended, conductive metal waveguides are often
employed. In some instances to provide the desired filtering,
these hollow metal waveguides are fitted with a solid insert
formed of high dielectric constant material.

[0003] Waveguides such as those described above have
been employed in thermoacoustic imaging systems. Ther-
moacoustic imaging is an imaging modality that provides
information relating to the thermoelastic properties of tissue.
Thermoacoustic imaging uses short pulses of electromag-
netic energy, such as RF pulses, directed into a subject to
heat absorbing features within the subject rapidly, which in
turn induces acoustic pressure waves that are detected using
acoustic receivers such as one or more thermoacoustic or
ultrasound transducer arrays. The detected acoustic pressure
waves are analyzed through signal processing, and pro-
cessed for presentation as thermoacoustic images that can be
interpreted by an operator.

[0004] In order to direct RF pulses into the subject during
thermoacoustic imaging, a radio frequency (RF) applicator
employing a waveguide is coupled to tissue adjacent a
region of interest (ROI) within the subject to be imaged.
Sub-optimal coupling of the RF applicator to the tissue may
cause issues such as inefficient energy transfer, reduced
heating rates, reduced signal intensity, non-uniform energy
deposition, tissue hotspots, tissue overheating, RF power
supply damage, and poor image quality. Factors that lead to
sub-optimal coupling of the RF applicator to the tissue
include variability in the size of the subject, the size of tissue
within the subject, the geometry of tissue within the subject,
the composition of tissue within the subject, etc.

[0005] During fabrication of waveguides fitted with solid
inserts, air gaps can form between the facing surfaces of the
waveguides and the solid inserts. Unfortunately, the air gaps
can change the frequency characteristics of the waveguides
in an unpredictable manner. As will be appreciated,
improvements are therefore desired. It is therefore an object
at least to provide a novel radio frequency (RF) applicator
and a thermoacoustic imaging system employing the same
and a novel method of assembling a radio frequency appli-
cator.
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SUMMARY

[0006] Tt 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.

[0007] Accordingly, in one aspect there is provided a radio
frequency applicator comprising: an open-ended, hollow
waveguide having an aperture therein; a solid insert within
the waveguide, the solid insert having a recess formed
therein that is aligned with said aperture; filler material
between facing surfaces of the waveguide and the insert to
fill gaps therebetween; and a radio frequency (RF) source
extending through the aperture and into the recess and being
configured to generate RF energy pulses.

[0008] In one or more embodiments, the insert is formed
of ceramic material. The ceramic material may have a real
relative permittivity greater than 10, such as between about
57 and 63, and a loss tangent less than 0.01.

[0009] In one or more embodiments, the filler material has
a melting point in the range of from about 40 and 120
degrees Centigrade. The filler material may be in the form of
a ceramic wax composite. The ceramic wax composite may
have a real relative permittivity between about 30 and 50 and
an imaginary relative permittivity between about 2 and 7.
For example, the ceramic wax composite may comprise
69% to 80% by weight titanium dioxide, 10% to 15% by
weight wax and 4% to 13% by weight graphite.

[0010] In one or more embodiments, the filler material is
one of: (i) a ceramic wax composite; (ii) a conductive paste;
(ii1) a conductive grease; and (iv) a ceramic powder and gel
wax mixture.

[0011] According to another aspect there is provided a
system for enhancing radio frequency energy delivery to a
tissue 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 com-
prising a radio frequency (RF) applicator according to any
one of paragraphs [0007] to [0009] configured to emit RF
energy pulses into the tissue region of interest and heat tissue
therein and an acoustic receiver configured to receive acous-
tic signals generated in response to heating of tissue in the
tissue region of interest; and one or more processors con-
figured to: process received acoustic signals and generate a
thermoacoustic image of the tissue region of interest.
[0012] According to another aspect there is provided a
method of assembling a radio frequency (RF) applicator
comprising: covering a ceramic insert with a coating,
wherein the ceramic insert has dimensions that substantially
match an internal volume of an open-ended, hollow wave-
guide, and wherein the ceramic insert has a recess therein
configured to accept a radio frequency emitter; heating the
waveguide to a temperature that is above a melting point of
the coating; placing the coated ceramic insert into the
internal volume of the heated waveguide, wherein the inter-
nal volume is completely filled except for the recess; and
cooling the waveguide, ceramic insert, and coating to a
temperature below the melting point of the coating so that
the coating solidifies and fills gaps between the facing
surfaces of the insert and the waveguide.

[0013] Inoneor more embodiments, the waveguide has an
aperture therein that is aligned with the recess when the
coated ceramic insert is placed into the internal volume of
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the heated waveguide. The method further comprises insert-
ing a radio frequency emitter through the aperture and into
the recess.

[0014] In one or more embodiments, the method further
comprises, prior to the step of applying the coating to the
ceramic insert, removing entrained air bubbles in the coat-
ing. The removing may be performed by heating and cooling
the coating in one or more cycles.

[0015] In one or more embodiments, the method further
comprises adjusting the radio frequency emitter so that the
frequency of RF pulses emitted by the RF applicator match
a desired frequency. The adjusting may comprise one of
adjusting the extent to which the radio frequency emitter
extends into the recess, and inserting dielectric material
between the radio frequency emitter and the ceramic insert.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Embodiments will now be described more fully
with reference to the accompanying drawings in which:
[0017] FIG. 1 is a schematic view of a high dielectric
constant insert positioned between a pair of electrodes
showing imperfections in a surface of the high dielectric
constant insert;

[0018] FIG. 2 is a schematic view of an imaging system;
[0019] FIG. 3 is a perspective view of a radio frequency
(RF) applicator forming part of the imaging system of FIG.
2

[0020] FIG. 4 is another perspective view of the RF
applicator of FIG. 3;

[0021] FIG. 5 is an exploded perspective view of the RF
applicator of FIG. 3;

[0022] FIG. 6 is an end view of the RF applicator of FIG.
3; and
[0023] FIG. 7 is a cross-sectional view of the RF appli-

cator of FIG. 3.

DETAILED DESCRIPTION OF EMBODIMENTS

[0024] 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.

[0025] As used herein, the term “and/or” can include any
and all combinations of one or more of the associated listed
elements or features.

[0026] 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,
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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.

[0027] It will be understood that spatially relative terms,
such as “under”, “below”, “lower”, “over”, “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.

[0028] Reference herein to “example” means that one or
more feature, structure, element, component, characteristic
and/or operational step described in connection with the
example is included in at least one embodiment and/or
implementation of the subject matter according to the sub-
ject disclosure. Thus, the phrases “an example,” “another
example,” and similar language throughout the subject dis-
closure may, but do not necessarily, refer to the same
example. Further, the subject matter characterizing any one
example may, but does not necessarily, include the subject
matter characterizing any other example.

[0029] Reference herein to “configured” denotes an actual
state of configuration that fundamentally ties the element or
feature to the physical characteristics of the element or
feature preceding the phrase “configured to”.

[0030] Unless otherwise indicated, the terms “first,” “sec-
ond,” etc. are used herein merely as labels, and are not
intended to impose ordinal, positional, or hierarchical
requirements on the items to which these terms refer. More-
over, reference to a “second” item does not require or
preclude the existence of a lower-numbered item (e.g., a
“first” item) and/or a higher-numbered item (e.g., a “third”
item).

[0031] As used herein, the terms “approximately” and
“about” represent an amount close to the stated amount that
still performs the desired function or achieves the desired
result. For example, the terms “approximately” and “about”
may refer to an amount that is within engineering tolerances
that would be readily appreciated by a person of ordinary
skill in the art.

[0032] In the following, a radio frequency (RF) applicator
and a thermoacoustic imaging system employing the same
are described. Generally, the radio frequency applicator
comprises an open-ended, hollow waveguide having an
aperture therein. A solid insert is positioned within the
waveguide. The solid insert has a recess formed therein that
is aligned with the aperture. Filler material is provided
between facing surfaces of the waveguide and the insert to
fill gaps therebetween. A radio frequency (RF) source
extends through the aperture and into the recess and is
configured to generate RF energy pulses.

[0033] As mentioned previously, if air gaps between the
solid insert and the waveguide exist, the overall permittivity
inside the waveguide may deviate from the desired permit-
tivity resulting in a change in the frequency that RF pulses
are efficiently emitted by the RF applicator. For example,
FIG. 1 shows a pair of electrodes 10 and a high dielectric
constant insert 12 positioned between the electrodes 10.
Imperfections in facing surfaces of the electrodes 10 and
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high dielectric constant insert 12 result in air gaps between
the electrodes and the high dielectric constant insert. The air
gaps act as a capacitor, which can change the desired
electrical characteristics of the electrode pair and high
dielectric constant insert arrangement. The inset in FIG. 1
shows for example, at a microscopic level, imperfections 14
in a surface 16 of the high dielectric constant insert 12
resulting in air gaps 18 between the high dielectric constant
insert 12 and the electrode 10 abutting surface 16.

[0034] One technique to eliminate air gaps between the
electrodes 10 and the high dielectric constant insert 12 is to
directly apply the electrodes 10 onto the high dielectric
constant insert 12 in such a way that avoids formation of air
gaps. For example, the electrodes 10 may take the form of
an epoxy loaded with silver or other conductive material
therein that can be deposited onto the surfaces of the high
dielectric constant insert 12 via sputtering. Conductive
epoxies unfortunately have the disadvantage that they con-
tain non-conductive binder material. When a conductive
epoxy is employed and is applied to the high dielectric
constant insert 12, at locations where non-conductive binder
material makes direct contact with the high dielectric con-
stant insert 12 rather than the conductive material within the
epoxy, the non-conductive binder material electrically
behaves in the same manner as air gaps. If the epoxy is
heated to remove the non-conductive binder material after
application, voids between the electrodes 10 and the high
dielectric constant insert 12 form resulting in air gaps
between the electrodes and the high dielectric constant
insert. As a result, conductive epoxies of this nature are not
ideal.

[0035] Turning now to FIG. 2, 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.

[0036] The programmed computing device 22 in this
embodiment is a personal computer or other suitable pro-
cessing device comprising, for example, a processing unit
comprising one or more processors, system memory (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.

[0037] 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 thermoacous-
tic imaging system 26.
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[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.
[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 5000
nanoseconds, and more particularly between about 50 nano-
seconds to 5000 nanoseconds. The RF energy pulses deliv-
ered to the tissue within the region of interest ROI heat the
tissue thereby to induce acoustic pressure waves that are
detected by the thermoacoustic transducer 32. The acoustic
pressure waves that are detected by the thermoacoustic
transducer 32 are processed and communicated as thermoa-
coustic image data to the computing device 22 for further
processing and for presentation 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 transducer 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 a known angle o 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
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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.
[0044] Turning now to FIGS. 3 to 7, the RF applicator 36
is better illustrated. As can be seen, the RF applicator 36
comprises a hollow, generally rectangular, open-ended
waveguide 200 formed of electrically conductive metal
material. A plinth 202 is provided on surface 204 of the
waveguide 200 adjacent one end thereof. A central aperture
206 is provided in the plinth 202 and extends through
surface 204 of the waveguide 200. A flange 208 extends
about the waveguide 200 adjacent the other end thereof.
[0045] Asolid, low loss, high dielectric constant insert 210
formed of ceramic or other suitable material is positioned
within the interior of the waveguide 200 and fills the internal
volume of the waveguide 200. A recess 212 (see FIG. 7) is
provided in the high dielectric constant insert 210 that is
aligned with the aperture 206. In this embodiment, high
dielectric constant refers to a real relative permittivity
greater than 10 and low loss refers to a loss tangent less than
0.01.

[0046] A ceramic composite coating 220 is provided
between the facing surfaces of the high dielectric constant
insert 210 and the waveguide 200. The ceramic composite
coating 220 fills air gaps that would otherwise form between
the facing surfaces of the high dielectric constant insert 210
and the waveguide as a result of imperfections in the facing
surfaces. The ceramic composite coating 220 has a dielectric
constant that is similar to that of the high dielectric constant
insert 210. In this manner, the ceramic composite coating
220 has little effect on the electrical characteristics of the RF
applicator 36.

[0047] An RF source 230 having an RF emitter 232 at one
end that is configured to generate RF energy pulses, extends
through the aperture 206 and into the recess 212 so that the
RF emitter 232 is suspended within the recess 212. The RF
source 230 further comprises a threaded connector 234 to
which control electronics are connected and a mounting
flange 236 that overlies the plinth 202 and through which
threaded fasteners pass and engage the plinth 202 thereby to
secure the RF source 230 to the waveguide 200.

[0048] In this embodiment, the ceramic composite coating
220 is in the form of a high permittivity, ceramic wax
composite comprising for example, ceramic powder
together with a wax matrix material (e.g. soy wax, paraflin
wax, carnauba wax, etc.). As a result, the ceramic composite
coating 220 is thermally reversible, permittivity tunable,
readily removable from the insert 212 or waveguide internal
volume, and it is possible to work with during processing.
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[0049] 1In this embodiment, the ceramic composite coating
200 comprises 69% to 80% titanium dioxide (rutile form),
10% to 15% wax and 4% to 13% graphite. The above
percentages are by weight of the ceramic composite coating.
The ceramic composite coating 220 has a thickness between
about 0.5 and 50 micrometers. The ceramic composite
coating 220 has a melting point between about 40 and 120
degrees Celsius. The ceramic composite coating 220 has a
real relative permittivity between about 30 and 50 and an
imaginary relative permittivity between about 2 and 7.
[0050] Although ceramic polymers have been widely
studied, a ceramic composite coating is employed for a
number of reasons. Typically, a ceramic polymer is formed
by mixing a ceramic powder with an elastomer base and a
curing agent. The mixture is then allowed to degas and
harden. In mixtures where the ceramic powder exceeds 50%
by weight of the mixture, these mixtures are highly viscous
and difficult to degas. This can result in air bubbles being
trapped in the final ceramic polymer. Furthermore, once
hardened the ceramic polymer cannot be remolded and can
be difficult to machine. The state of the ceramic composite
coating 220 is however, thermally reversable (i.e. the
ceramic composite coating can be remolded by raising the
temperature above its melting point). Also, the ceramic
composite coating 220 is less likely to have air bubbles
trapped therein as it can be degassed at atmospheric pressure
by heating the ceramic composite coating (varying for a
period of time from about 10 minutes to 2 hours). Also, this
degassing step can be repeated, which is not possible with a
typical ceramic polymer as typical ceramic polymers cannot
be degassed once hardened.

[0051] During assembly of the RF applicator 36, the
ceramic composite coating 220 is applied to the external
surfaces of the high dielectric constant insert 210 that will
face the interior surfaces of the waveguide 200 when the
insert has been positioned within the internal volume of the
waveguide. The waveguide 200 is then heated to a tempera-
ture that is above a melting point of the ceramic composite
coating 220 and the insert 210 is positioned within the
waveguide 200 to fill its internal volume and so that the
recess 212 is aligned with the aperture 206. During this
process, the ceramic composite coating 220 melts as a result
of the heated waveguide 200 allowing the ceramic compos-
ite coating to flow and fill gaps between the facing surfaces
of the insert 210 and the waveguide 200 resulting from
surface imperfections. Thereafter, the waveguide 200, insert
210, and ceramic composite coating 220 are cooled to a
temperature below the melting point of the ceramic com-
posite coating so that the ceramic composite coating solidi-
fies. A check is then made to see if any ceramic composite
coating 220 has flowed into the recess 212 and if so, any
ceramic composite coating in the recess 212 is removed. At
this stage, the RF source 230 can be installed on the
waveguide 200 by affixing the mounting flange 236 to the
plinth 202 and with the RF emitter 232 positioned in the
recess 212.

[0052] Ifdesired, prior to the step of applying the ceramic
composite coating 220 to the insert 210, the ceramic com-
posite coating can be heated and cooled in one or more
cycles to remove entrained air bubbles in the ceramic
composite coating.

[0053] Once the RF source 230 has been installed, the RF
emitter 232 is conditioned to emit RF pulses at the frequency
of the RF source. If the frequency of operation of the RF
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applicator 36 deviates from the frequency of the RF source
230, the RF applicator 36 is adjusted so that the frequency
of operation of the RF applicator matches the frequency of
the RF source 230. During adjustment of the RF applicator
36, the position of the RF emitter 232 within the recess 212
is changed either by increasing or decreasing the extent to
which the RF source 230 extends into the recess. For
example, decreasing the extent to which the RF source 230
extends into the recess 212 can be achieved by filing or
grinding down the end of the RF emitter 232 or by placing
one or more shims between the mounting flange 236 and the
plinth 202. Increasing the extent to which the RF source 230
extends into the recess 212 can be achieved by adding one
or more thin layers of conductive material to the end of the
RF emitter 232 such as copper or aluminum tape or by
removing one or more shims between the mounting flange
236 and the plinth, if they exist. Alternatively, dielectric
material such as a thin disc of high permittivity, low loss
material can be inserted into the recess 212 prior to instal-
lation of the RF source 230.

[0054] During thermoacoustic imaging, the RF emitter
232 of the RF source 230 is conditioned to generate short
pulses of RF energy into the recess 212. The emitted RF
energy pulses in turn travel along the insert 210 and then out
of the RF applicator 36. Once the RF energy pulses travel
out of the RF applicator 36, they are directed into the subject
to deliver energy to tissue within the region of interest ROI
of the subject S.

[0055] Thermoacoustic imaging can be used to contrast fat
or fatty tissues with soft or lean tissues due to their lower
electrical conductivity and permittivity in RF compared to
other water and ion-rich soft or lean tissues. Fat and fatty
tissues also have a lower absorption coeflicient compared to
soft or lean tissues like muscle. As such, during thermoa-
coustic 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 propetties
of the fat or fatty tissue and the soft or lean tissue.

[0056] Different tissues have characteristic dielectric
properties at particular frequencies. The dielectric properties
determine how much energy is absorbed by tissue. When RF
energy pulses are transmitted through tissue, the RF energy
pulses are attenuated. The amount of attenuation can be
determined using the dielectric properties of the tissue and
the physical properties of the tissue. Fatty tissue absorbs less
energy than lean tissue. As such, fatty tissue attenuates the
RF energy pulses less than normal tissue. Using these
properties, the amount of attenuation of tissue can be esti-
mated and this may be used to determine how much fat is in
the tissue.

[0057] Initially during imaging, 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. In this embodiment, the region of interest ROI is
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
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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 centerline of the one or more
transducer arrays 30 of the ultrasound transducer 28 overtop
of the reconstructed ultrasound image on 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.

[0058] At least one boundary between the object of inter-
est and the reference is then identified in the reconstructed
ultrasound image. 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, at least a portion of
the reference and the identified boundary between the por-
tions of the object of interest and the reference. The com-
puting 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 per-
pendicular to the boundary.

[0059] 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 0. 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
between the object of interest and the reference.

[0060] The thermoacoustic data are in turn communicated
to the computing device 22 for processing. For example, the
bipolar acoustic signals may be processed to estimate the
fractional fat content of the object of interest, as described
in U.S. Pat. Nos. 9,888,879, 9,888,880 and 9,980,677, the
relevant portions of which are incorporated herein by ref-
erence.

[0061] Although the ceramic composite coating has been
described above as being a high permittivity, ceramic wax
composite, those of skill in the art will appreciate that the
coating may be formed of other suitable material. For
example, the coating may be in the form of a conductive
paste or grease such as silver or graphite paste or grease that
can readily fill air gaps between facing surfaces of the
waveguide and the insert when the insert is positioned
within the waveguide to fill its internal volume.

[0062] Alternatively, the coating may comprise ceramic
powder and a gel wax. Potential gel wax compositions are
described in U.S. Pat. Nos. 5,578,089 and 5,879,694,

[0063] In the examples described above, the coating is
used to fill air gaps between a solid, high dielectric constant
insert positioned within a waveguide of an RF applicator
used for thermoacoustic imaging. Those of skill in the art
will however appreciate that the coating may be used in
other environments where an insert (solid or otherwise) is
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positioned within a waveguide and it is desired to fill air
gaps between facing surfaces of the insert and the wave-
guide.

[0064] 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.

What is claimed is:

1. A radio frequency applicator comprising:

an open-ended, hollow waveguide having an aperture
therein;

a solid dielectric insert within the waveguide, the solid
dielectric insert having a recess formed therein that is
aligned with said aperture;

a filler material between facing surfaces of the waveguide
and the solid dielectric insert to fill gaps therebetween,
wherein the filler material has a has a dielectric con-
stant that is similar to that of the solid dielectric insert;
and

a radio frequency (RF) source extending through the
aperture and into the recess and being configured to
generate RF energy pulses.

2. The radio frequency applicator of claim 1 wherein the

solid dielectric insert is formed of ceramic material.

3. The radio frequency applicator of claim 2 wherein the
solid dielectric insert has a real relative permittivity greater
than 10 and a loss tangent less than 0.01.

4. The radio frequency applicator of claim 3 wherein the
solid dielectric insert has a real relative permittivity between
about 57 and 63.

5. The radio frequency applicator of claim 1 wherein the
filler material has a melting point in the range of from about
40 and 120 degrees Centigrade.

6. The radio frequency applicator of claim 5 wherein the
filler material is a ceramic wax composite.

7. The radio frequency applicator of claim 1 wherein the
filler material has a real relative permittivity between about
30 and 50 and an imaginary relative permittivity between
about 2 and 7.

8. The radio frequency applicator of claim 7 wherein the
filler material is a ceramic wax composite.

9. The radio frequency applicator of claim 8 wherein the
ceramic wax composite has a melting point in the range from
40 and 120 degrees Centigrade.

10. The radio frequency applicator of claim 9 wherein the
ceramic wax composite comprises 69% to 80% by weight
titanium dioxide, 10% to 15% by weight wax and 4% to 13%
by weight graphite.

11. The radio frequency applicator of claim 5 wherein the
filler material is a ceramic wax composite having a real
relative permittivity between about 30 and 50 and an imagi-
nary relative permittivity between about 2 and 7 and the
insert is formed on ceramic material having a real relative
permittivity between about 57 and 63.

12. The radio frequency applicator of claim 1 wherein the
filler material is one of: (i) a ceramic wax composite; (i) a
conductive paste; (iii) a conductive grease; and (iv) a
ceramic powder and gel wax mixture.
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13. A system for enhancing radio frequency energy deliv-
ery to a tissue 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 a radio
frequency (RF) applicator according to claim 1 config-
ured to emit RF energy pulses into the tissue region of
interest and heat tissue therein and an acoustic receiver
configured to receive acoustic signals generated in
response to heating of tissue in the tissue region of
interest; and

one or more processors configured to:
process received acoustic signals and generate a ther-

moacoustic image of the tissue region of interest.

14. The system of claim 13 wherein the filler material is
a ceramic wax composite having a real relative permittivity
between about 30 and 50 and an imaginary relative permit-
tivity between about 2 and 7 and the insert is formed on
ceramic material having a real relative permittivity between
about 57 and 63.

15. A method of assembling a radio frequency (RF)
applicator comprising:

covering a ceramic insert with a coating, wherein the
ceramic insert has dimensions that substantially match
an internal volume of an open-ended, hollow wave-
guide, and wherein the ceramic insert has a recess
therein configured to accept a radio frequency emitter;

heating the waveguide to a temperature that is above a
melting point of the coating;

placing the coated ceramic insert into the internal volume
of the heated waveguide, wherein the internal volume
is completely filled except for the recess; and

cooling the waveguide, ceramic insert, and coating to a
temperature below the melting point of the coating so
that the coating solidifies and fills gaps between facing
surfaces of the insert and the waveguide.

16. The method of claim 15 wherein the waveguide has an
aperture therein that is aligned with the recess when the
coated ceramic insert is placed into the internal volume of
the waveguide, the method further comprising inserting a
radio frequency emitter through the aperture and into the
recess.

17. The method of claim 15 further comprising, prior to
the step of applying the coating to the insert, removing
entrained air bubbles in the coating.

18. The method of claim 17 wherein the removing is
performed by heating and cooling the coating in one or more
cycles.

19. The method of claim 16 further comprising adjusting
the radio frequency emitter so that the frequency of RF
pulses emitted by the radio frequency applicator match a
desired frequency.

20. The method of claim 19 wherein the adjusting com-
prises one of adjusting the extent to which the RF emitter
extends into the recess, and inserting dielectric material into
the recess between the RF emitter and the ceramic insert.

* #* * #* #®
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