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Abstract

We are developing a microwave tomographic imaging system capable of monitoring thermal distributions based on the
temperature dependence of the recovered dielectric properties. The system has been coupled to a high intensity focused
ultrasound (HIFU) therapy device which can be mechanically steered under computer control to generate arbitrarily shaped
heating zones. Their integration takes advantage of the focusing capability of ultrasound for the therapy delivery and the
isolation of the microwave imaging signal from the power deposition source to allow simultaneous treatment monitoring. We
present several sets of phantom experiments involving different types of heating patterns that demonstrate the quality of both
the spatial and temporal thermal imaging performance. This combined approach is adaptable to multiple anatomical sites
and may have the potential to be developed into a viable alternative to current clinical temperature monitoring devices for

HIFU, such magnetic resonance (MR) imaging.

Keywords: Microwave imaging, temperature monitoring, focused ultrasound, hyperthermia

Introduction

Hyperthermia therapy for the treatment of solid
tumors has been under investigation and used in
clinical trials for several decades. Its primary role has
been as an adjuvant to either radiation and/or
chemotherapy where response rates for the combined
treatments have consistently been better than either
radiation and/or chemotherapy alone. The most
important phase III trials were conducted at multiple
European institutes treating a wide range of cancers
including head and neck tumors [1], recurrent chest-
wall carcinomas of the breast [2], recurrent metastatic
malignant melanoma [3], deep-seated cancers of the
pelvis [4], and more recently cancer which has spread
beyond the cervix [5]. While not utilized as exten-
sively in the USA, a recent phase III study reported by
Jones et al. [6] at Duke University confirmed the
European results for superficial tumors. These data
suggest the therapeutic benefits of hyperthermia are

quite significant compared to other
approaches which are currently available.
One of the most significant barriers to wider
acceptance of hyperthermia has been the lack of
adequate temperature monitoring which has limited
the optimization and control of the treatment at time
of delivery [7]. Computational methods for
patient-specific treatment planning have advanced
considerably in recent years [8-10] and have reached
the point where they can be applied prospectively to
improve treatment quality [11]. These tools
influence the pre-treatment plan but provide less
guidance for monitoring the therapy or adapting its
delivery during a procedure as a result of variables
not easily predicted or controlled (such as the
vascular response in the treatment field), which can
have profound effects on the thermal dose achieved.
MR has been used very successfully for guidance
of thermal therapy in some situations [12-16] based
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on (a) the relaxation time, T1, along with the
equilibrium magnetization, (b) the chemical shift of
the proton resonance frequency (PRF), and (c) the
diffusion coefficient, all of which are sensitive to
temperature change. However, MR temperature
monitoring is not without its drawbacks. These
include motion artifacts [17] which can be substan-
tial over a lengthy heating procedure, integration
challenges associated with the therapy device [18],
and cost. To date, the greatest acceptance of MR for
monitoring has been in the area of high intensity
focused ultrasound (HIFU) ablation where treat-
ment times tend to be much shorter [19]. Although
MR monitoring has allowed thermal therapy to make
inroads into clinical practice in certain settings, the
procedural costs and logistical considerations sur-
rounding MR suggest that it will not be suitable in all
circumstances and alternatives need to be pursued,
especially when they can be tailored to the clinical
conditions. For example, passive radiometry has
been used clinically for treatment of superficial
tumors [20] where thermal emissions at multiple
frequencies are sufficient to recover one dimensional
temperature profiles within the first few cm of tissue
below the surface.

Microwave tomographic [21, 22] and ultrasound
backscatter [23] approaches have also been
investigated as thermal imaging candidates because
of the significant temperature dependence of their
associated constitutive tissue properties — electrical
conductivity [24] and speed of sound [25], respec-
tively - but neither has been implemented in the
clinic so far. Nonetheless, progress continues to be
reported that hopefully will allow their clinical
evaluation in the future.

Towards that end, we first reported results from
phantom studies involving a single tube of heated
saline in our initial evaluation of microwave thermal
imaging [21]. This effort allowed us to refine our
algorithms and establish that we could recover
temperature sensitive microwave images. In a sub-
sequent set of experiments we surgically inserted a
similar tube of heated saline into the abdomen of a
small piglet [22] and showed that the technique
could track temperature via conductivity changes
m vivo, albeit under very simplified heating condi-
tions. The next logical step in this development is to
couple the microwave imaging scheme to an external
thermal therapy device and explore the ability of the
system to image and track spatially more complex
thermal distributions, first in phantoms and then in
animals. We opted to integrate microwave imaging
with ultrasound heating because the combination
offers the focused power deposition required to
create complex temperature patterns along with
separation of the heating and temperature sensing
fields necessary for simultaneous operation. The

configuration is also very attractive because it can be
readily translated into animal studies as well as
envisioned as an approach to thermal therapy in
humans with non-invasive temperature monitoring.

In this paper, we describe a series of phantom
experiments where focused ultrasound heating is
successfully monitored with microwave imaging.
Specifically, several target heating patterns are used
to validate the approach and demonstrate that the
microwave images track the spatial characteristics of
the induced temperature field. Independent tempera-
ture measurements at selected locations are recorded
to establish the accuracy of the recovered electrical
conductivity maps and provide initial estimates of the
thermal monitoring fidelity of the system.

Methods

In these experiments, we integrated our novel
three-point steering (3PS) system [26] for scanning
an ultrasound beam with the data acquisition portion
of a microwave imaging system to monitor
temperature distributions generated in a gel phantom
non-invasively. Several Omega (Stamford, CT)
thermocouples were embedded in the gel to measure
the actual temperature for validation purposes. While
artifacts were introduced in the temperature record-
ings at each thermocouple site when the ultrasound
focus passed directly through the thermocouple, this
relatively minor disadvantage was outweighed by the
fact that the interaction facilitated accurate coregis-
tration of the thermocouple locations with the
geometry of the ultrasound steering system and
microwave imaging array. In addition, because the
thermocouple leads were aligned perpendicularly to
the antenna orientations, there was no visible
interaction between the thermocouple sensors and
the microwave measurement data. The important
elements of the experiments and their evaluation are
described in the sections below.

Three-point steering system

Figure 1 shows a spherical bowl ultrasound (US)
transducer supported by the 3PS system (above)
aimed downward into a gel phantom positioned for
microwave imaging. The steering mechanism is a
compact design which incorporates three computer
controlled support rods that translate their vertical
motion into arbitrary 3D positioning of the beam
focus within the microwave imaging field of view.
The US beam focus (roughly 2cm long x 2mm
wide) is nominally oriented vertically — there is some
tilt to the beam as it is steered off the central axis of
the imaging plane. For these experiments the heating
patterns were formed primarily in the horizontal
plane for ease in comparing the microwave images
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Figure 1. Photograph of the experimental set-up showing: (A) the overall experimental configuration (with the coupling
liquid removed) and (B) a close-up of the imaging chamber with the gel phantom surrounded by the monopole antennae
which pass through the floor of the tank and can be vertically positioned to the desired height.

with the actual temperature patterns. A more
complete description of the 3PS system is available
in Meaney et al. [26].

The focused bowl transducer (Sonic Concepts,
Woodinville, WA) was 8.4cm in diameter with a
focal length of 15cm and had a 2cm hole in the
center. It was designed to operate at 1.5 MHz with a

measured efficiency of greater than 85% which was
determined by the manufacturer using an absorber-
type radiation force balance to measure the acoustic
power output compared with the RF power input.
The coupling bath was comprised of a 65:35
mixture of glycerin and water and had a measured
density of 1.16 g/lem?>. Using published values from



526 P M. Meaney et al.

[27] and [28], we estimate that the speed of sound in
this mixture was 1816m/s with an attenuation
coefficient of 0.53 dB/cm.

Phantom configuration

Figure 1 also shows the 10.2 cm diameter phantom
used in the heating experiments with thermocouple
wires protruding through its cylindrical surface. The
thermocouples were implanted in the phantom
during the curing process to minimize internal
material perturbations. Their associated feed wires
were arranged horizontally to reduce the coupling of
the electromagnetic fields generated by the micro-
wave imaging system which were predominantly
oriented in the vertical direction. The gel was
comprised of 500ml of water, 4.5g of NaCl, and
30 g of agar powder and was mixed thoroughly for 3h
with a magnetic stirring mechanism. The mixture
was stabilized over a 12-h period (covered) to allow
bubbles to rise to the surface and escape after which
it was heated in a convection oven at 120°C for 2 h.
From visual examination (and the heating experi-
ments), the gel was found to be relatively free of air
bubbles. The dielectric properties of the gel were
measured at 1100MHz to be ¢,=52.7 and
0 =0.73 S/m, respectively, using an Agilent 85070E
Dielectric Probe Kit in conjunction with an Agilent
E5071B Network Analyzer. The acoustic and ther-
mal properties of the gel can only be estimated at this
time. From data tabulated in [24], similar agar gels
were reported to have a speed of sound in the order
of 1560 m/s. Corresponding estimates for the thermal
conductivity range from 0.597 to 0.609 W/mK, for
diffusivity from 1420 to 1560 cm?/s, and for specific
heat from 3.84 to 4.03 J/gK.

Tempemture measurements

For these experiments we used Omega 5TC-TT-]J-
30-72 thermocouples which were 0.25mm in dia-
meter with perfluoroalkoxy (PFA) insulation and
nominally produced a response time of 0.25 seconds.
We used several thermocouples simultaneously con-
nected to a National Instruments TBX-68T terminal
block for continuous temperature monitoring (every
1.6 seconds) at selected sites within the phantom.
We took care to use only as many thermocouples
as was necessary because the US beam did create
artifacts in the temperature measurements when it
passed over the sensors. We did not position any
thermocouples above the imaging plane to minimize
potential distortions in the power deposition. Even
with care in setting the thermocouple locations, the
actual positions varied by several mm. In this
instance, it was helpful to have the US/thermocouple
artifact as a way of locating the actual position of each

sensor with respect to the US transducer steering
geometry and the microwave imaging array.

Microwave data acquisition

The set of monopole antennae was configured as a
circular array surrounding the phantom placed in the
illumination chamber where the antenna centers (i.e.
the imaging plane) were aligned with the plane of the
thermocouples through computer-controlled adjust-
ment of their vertical height relative to the floor of the
imaging tank (see Figure 1). Each antenna individu-
ally broadcasts a burst of continuous wave (CW)
signal (roughly 1second) at the specified illumina-
tion frequency which is simultaneously recorded at
the remaining antenna array elements. After signal
transmission by one antenna, the others sequentially
act as the transmitter while the remaining comple-
ment serve as receivers. The transceiver module
associated with each antenna allows all channels to
act as both transmitter and receiver. During recep-
tion, the detected CW signal is down-converted with
a coherent reference CW signal offset by a pre-
determined frequency such that the low pass filtered
IF (intermediate frequency) output can be sampled
by an A/D board. A detailed description of the
transceiver modules can be found in Li et al. [29].
In these experiments we utilized two eight-channel,
24 bit, PXI-4472B National Instrument boards to
cover the full dynamic range (130dB) without any
dynamic gain control.

An initial data set was acquired without the
phantom present as part of the calibration procedure
[29]. Full data sets were recorded at 900 and
1100 MHz during the experiments. The data acqui-
sition time for each frequency was 17.6 seconds
making the repetition time between thermal scans
35.3 seconds. Because of the relatively long data
acquisition time, some temporal averaging of the
temperature induced conductivity change is
expected. The calibration data were subtracted
from the raw signal acquisitions during the heating
procedure (in terms of both magnitude and phase) to
produce calibrated measurements which were sub-
sequently used in the reconstruction algorithm to
generate images for each acquisition time point.

Image reconstruction

The microwave signal data were reconstructed into
2D multiple permittivity and conductivity images for
each acquisition time using a Gauss-Newton iterative
algorithm which incorporated log (variance stabiliz-
ing) transformation [30, 31]. The field solutions
were computed using a hybrid of the finite and
boundary element methods with a 13.5 cm diameter
mesh of 3903 nodes and 7588 triangular elements
having an average nodal spacing of 2.25mm [32].
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The reconstruction parameter mesh consisted of 559
nodes and 1044 elements with its perimeter aligning
exactly with the field mesh [33]. The algorithm
utilized a combined Levenberg-Marquardt and
Tikhonov regularization [21] and applied an adjoint
approach for computing the associated Jacobian
matrix which produced significant computation
time reductions [34]. The process completed in
10 iterations consuming a total computation time of
11 minutes on an offline Intel-based, dual-core,
Xeon 2.8 GHz workstation. The reconstruction
assumed a homogeneous background — in this case
the coupling medium was comprised of a 65:35
mixture of glycerin and water with dielectric proper-
ties of &,=48.3 and 0=1.39S/m, measured at
1100 MHz with a dielectric probe kit — and did not
require any a priori information.

Results and discussion

We conducted three sets of phantom experiments to
illustrate microwave thermal imaging in coordination
with 3PS-based steerable focused ultrasound heat-
ing. For the purposes of brevity we only show
representative 1100 MHz results (the 900 MHz data
produced comparable images) that have been differ-
enced with a baseline image (prior to heating) to
highlight the spatial and temporal performance

Antennas—ae

characteristics of the system. Actual temperatures
were recorded at select locations within the imaging
plane to validate the property changes. The three
heating patterns included: (1) a continuously
scanned 6.5 cm diameter circle, (2) a continuously
scanned 240° arc of a 4.8cm diameter circle
(alternating clockwise and counter-clockwise
progressions), and (3) a continuously repeated
pattern of four sequentially scanned spirals (1.6 cm
diameter) at different spatial locations. In each of
these experiments the maximum temperature
increase was less than 5°C which limited
the smoothing effects from thermal conduction and
allowed more complex spatial patterns in the
temperature distributions to exist.

Large diameter circular scan

Figure 2 shows a diagram indicating the scan pattern
for this experiment in relation to the monopole
antennae and the gel phantom. The scan time for
each circle was 37.6 seconds, and the RF power was
turned on to a focal point intensity of 1370 W/cm? at
25 seconds and turned off at 1420 seconds (about 23
minutes later). The intensity value is an estimate
based on the manufacturer’s specification of the
transducer efficiency in water, the measured input
RF power and the surface area of the transducer.
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Figure 2. Schematic diagram of the US beam steering sequence for the 6.5 cm diameter circular scan experiment.
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Figure 3. Sequence of 1100 MHz conductivity difference images at time points (in seconds from the start of the first
microwave image acquisition) during and after heating (US power was turned on at 143 seconds and off at 1420 seconds)
from the beam steering pattern shown in Figure 2: (A) 143, (B) 321, (C) 499, (D) 678, (E) 856, (F) 1034, (G) 1213,
(H) 1391, (I) 1569, (J) 1748, (K) 1926, and (L) 2105 seconds, respectively. Difference images were formed by subtracting
the pre-heating baseline conductivity image from the conductivity image acquired at the time points indicated.

Figure 3 shows a sequence of 1100 MHz con-
ductivity difference images for a progression of image
acquisitions during heating and cooling of the
phantom. The circular path of the US beam is
evident as an annulus of decreasing conductivity
from 143 seconds through 1391 seconds. The
conductivity in the annular ring decreases evenly
and nearly instantaneously after the heating com-
menced while the conductivity decrease in the center
of the circle is less pronounced and delayed as would
be expected since its temperature rise is due solely to
thermal conduction from heating generated by the
power deposition in the ring. Interestingly, the
central conductivity decrease continues after the RF
power has been turned off (at 1420 secs) while the
conductivity in the ring begins to increase as the
temperature subsides when no more US power is
being directly deposited in that zone.

Figure 4 shows the temperatures measured by
thermocouples at two locations on the circle and at
the center along with spatial averages of the imaged
conductivity difference at the same sites as functions
of time. The averages were computed using the
recovered values at the three closest conductivity
estimates to the actual thermocouple site. The
temperature plots show spikes at time points when
the US beam passed directly over the thermocouple.
The spikes for the two curves are out of phase with
each other because the thermocouples were physi-
cally located 180° degrees apart along the circular
heating arc. As expected, the temperatures at the two
circle sites increase rapidly as the heating commences
(ignoring the spike artifact) and taper off gradually,
while the temperature at the center position starts
rising gradually well after the RF has been turned
on and continues to rise after power is shut-off.

The temperatures drop off exponentially at the two
circle sites after the RF is turned off. The plots of
conductivity difference (Figure 4B) track the corre-
sponding thermocouple behavior quite well. This
experiment confirms that the beam can be steered in
the desired pattern and that the recovered conduc-
tivity difference images are good surrogates for the
overall temperature distribution. The slight tempera-
ture decrease measured at the center of the phantom
during the early portion of the experiment is likely
due to cooling from residual heating during initial
testing of the experimental set-up prior to beginning
the actual scan pattern used in this case.
Interestingly, the conductivity difference images
(see Figure 4B) also illustrate this behavior which is
excellent confirmation of the sensitivity of the
imaging system to these small changes (<0.5°C) in
temperature.

Partial circular arc heated scan

Figure 5 shows a diagram depicting the scan
pattern for this experiment. The time for a single
complete clockwise and counter-clockwise scan was
56 seconds (20 total scans) and the RF was turned
on to a focal point intensity of 1370 W/cm? at
120 seconds and turned off at 1280 seconds
(approximately 20 minutes later).

Figure 6 shows the sequence of 1100 MHz
conductivity difference images for a progression of
image acquisitions during heating and cooling of the
phantom. The time sequence from 321 to 1213
seconds shows a C-shaped distribution of lower
conductivity slowly appearing in the upper right
quadrant of the field of view and becoming more
pronounced in terms of lower conductivity with time.
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Figure 4. Plots of (A) temperature and (B) average conductivity difference as a function of time at selected points in the
imaging plane: thermocouples (T'C) 0 and 6 reside along the path scanned by the beam focus (see Figure 2). A reference

measurement is included from the center of the imaging zone.

In addition, the width of the beam line gradually
increases, presumably from thermal conduction out-
ward from the line which almost fills the central area
after 1213 seconds. From time 1391 to 2283
seconds, the RF power has been shut off, and the
difference images show that the conductivity in the
directly heated areas begins to revert back to baseline
while the conductivity continues to decrease in the
center (especially from times 1391 to 1926 seconds)
reflecting the temperature rise.

Figure 7 shows the temperatures measured by
thermocouples at three locations along the arc and at
the center along with spatial averages of the imaged
conductivity difference at the same sites as functions
of time. For the three arc locations, temperature
spikes associated with the beam passing directly over
the thermocouple are present. The beam’s lower
terminus was very close to TC2 causing only 20
spikes, while it passed over TC6 in both the
clockwise and counter-clockwise sweeps for a total
of 40 spikes. Interestingly, the upper beam terminus

was slightly beyond TC4 such that the clockwise and
counter-clockwise sweeps over the thermocouple
were very close in time subsequently creating a
broader artifact than for the other two sensors. For
each of these three plots, an interpolation of the
lower part of each curve would be a more accurate
indication of the actual temperatures, because the
elevated spikes are associated primarily with
the beam/thermocouple interaction. In these cases,
the temperatures rise most rapidly at the start of
heating and gradually taper off near the end of
heating. After power is turned off, they all drop
exponentially during the cooling process. The central
temperature does not begin to increase until roughly
400 seconds and continues to increase gradually well
after the heating has ceased, as would be expected
due to conductive heat transfer.

Similarly to the temperature plots, the conductivity
decreased at the start of heating with some leveling
off towards the end of the exposure. All three
conductivity values rose in an exponential fashion
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Figure 5. Schematic diagram of the US beam steering sequence for the partial circular scan experiment.
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Figure 6. Sequence of 1100 MHz conductivity difference images at time points (in seconds from the start of the first
microwave image acquisition) during and after heating (US power was turned on at 120 sec and off at 1280 sec) from the
beam steering pattern shown in Figure 5: (A) 321, (B) 499, (C) 678, (D) 856, (E) 1034, (F) 1213, (G) 1391, (H) 1569,
@ 1748, (J) 1926, (K) 2105, and (L) 2283 seconds, respectively. Difference images were formed by subtracting the
pre-heating baseline conductivity image from the conductivity image acquired at the time points indicated.

after the RF had been turned off. In addition, the
central conductivity values start to decrease gradually
after a delay of approximately 400 seconds after the
RF is turned on and continue to rise until 1752
seconds, well after the heating has ceased and very
similarly in nature to the associated temperature plot.
The conductivity difference traces exhibit some
variations, with the most significant aberration

occurring near 1900 seconds; however, the overall
behavior of the curves corresponds well to the actual
temperature profiles.

Four sequential spiral scans

Figure 8 shows a diagram depicting the scan pattern
for this experiment. The beam traced a series of
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Plots of (A) temperature and (B) average conductivity difference as a function of time at selected points in the

imaging plane: TC2 is located at the lower terminus of the scanned heating arc, T'C4 is near the upper terminus (but not
on it), and TC6 is midway along the arc, respectively. A reference measurement is included from the center of the imaging

zone.

horizontal (within the imaging plane) spirals each
centered at the locations indicated. The outer
diameter of each spiral was 1.6cm consisting of
720° of total rotation. The scan time for the first
three spirals (A, B, C centered on thermocouples
TCO, TC2 and TC6, respectively) was 30 seconds
while that for the fourth, D, was only 12 seconds.
The RF power was turned on to a focal point
intensity of 910 W/cm? at 210 seconds and turned off
after 12 consecutive sets of the 4 spirals (a thirteenth
spiral was also scanned at A) at 1464 seconds.
Figure 9 shows a sequence of 1100 MHz con-
ductivity difference images for increasing times
during and after the spiral heating sequence. The
first nine images show progressively reduced con-
ductivity spots primarily at locations A, B, and C
with a much more modest conductivity decrease at
the fourth location just above the center of the field of
view at times 1070 through 1498 seconds. This is

expected because considerably more energy is
deposited at the first three locations than the last
position due to the longer beam dwell time. The last
three images were acquired after the heating was
turned off and show the three focal conductivity
decreases reverting gradually back towards their
baseline values. It is interesting to note that the
three primary conductivity perturbations do appear
to both decrease and increase in time with a general
downward trend for the first nine image times. This
is due in part to the fact that the heating at each spiral
occurs over 30 (first three) and 12 (last one) seconds
with delays of 72 (first three) and 90 (last one)
seconds, respectively, while the spirals are scanned at
the other locations which allows some cooling to
occur at each location.

Figure 10 shows the temperatures measured by
thermocouples at the three spiral centers along with
spatial averages of the imaged conductivity
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Figure 8. Schematic diagram of the US beam steering sequence for the four sequential spiral scan experiment.
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Figure 9. Sequence of 1100 MHz conductivity difference images at time points (in seconds after the first microwave image
acquisition) during and after heating (US power was turned on at 210 seconds and off at 1484 seconds) from the beam
steering pattern shown in Figure 8: (A) 357, (B) 499, (C) 642, (D) 785, (E) 927, (F) 1070, (G) 1213, (H) 1355, (I) 1498,
@ 1641, (K) 1784, and (L) 1926 seconds, respectively. Difference images were formed by subtracting the pre-heating
baseline conductivity image from the conductivity image acquired at the time points indicated.

differences at the same sites as functions of time. For
the three spiral locations, sharp spikes in the
temperature are followed by an exponential decrease
until the subsequent spike with the overall baseline
temperatures increasing in time during the heating
period. While a portion of each saw tooth-like
segment is due to the US beam/thermocouple
interaction, the time interval between heating at

any one location is sufficient for some cooling to
occur and be detected by the thermocouples. As
would be expected, the occurrence of the spikes at
the three thermocouples is out of phase since each
was heated at different times during the spiral cycles.
In addition, the temperature in the center of the
phantom did not begin to rise until well after the
heating started and only began to decrease well after
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Figure 10. DPlots of the (A) temperature and (B) average conductivity difference as a function of time at selected points in
the imaging plane: TCO is located at the center of the first spiral scan of the beam focus, TC2 at the center of the second
spiral, and TC6 at the center of the third spiral, respectively. A reference measurement is included from the center of the

imaging zone.

the RF was turned off. Interestingly, it appears that
the phantom did not completely cool down from the
previous experiment because the center temperature
was still decreasing during the first 500 seconds after
which it started to rise again due to the heat
conduction from the spiral scan sites.

Similarly to the temperature plots, the imaged
conductivity difference values at the thermocouple
sites show an overall decrease in time with a saw
tooth-like pattern associated with the on and off
heating characteristics of this experiment. It should
be noted that the image acquisition time was not
synchronized with the onset of heating at each
location and that because of the relatively long data
acquisition time for an individual frequency (roughly
17.6 seconds), some averaging of the actual property
distributions is expected. Nonetheless, the temporal
correspondence of the conductivity maps with the
actual temperature data is quite good. It is also
important to note that the conductivity in the center

of the image did not begin to decrease until well after
the RF was turned on. Interestingly, the center
conductivity also exhibited a gradual increase at the
start of the experiment which corresponds to the fact
that the actual temperature was still decreasing as a
result of residual conductive cooling from the
previous experiment.

In addition, we quantitatively assessed the accu-
racy with which the conductivity change tracked the
actual temperature for representative locations in this
experiment. Figures 11A and B show plots of the
conductivity versus temperature for (a) a single
thermocouple location (T'CO) and (b) the center of
the phantom, respectively. In these graphs, data from
both the heating and cooling periods were used.
Conductivity linearly tracked with temperature very
well. More deviation (compare Figure 11A with 11B)
from the trend line occurred at TCO likely due to the
fact that the measured temperatures have errors
associated with the artifacts caused by the ultrasound
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Figure 11. Plot of the reconstructed conductivity as a function of actual temperature for the data shown in Figure 10 for

(A) TCO and (B) at the center of the phantom.

beam when it was aimed directly at the thermocouple
during the scanning process. The correlation coeffi-
cients were 0.86, 0.84, 0.80, and 0.97 for the TCO,
TC2, TC6 and phantom center locations, respec-
tively. The associated temperature accuracy (com-
puted as an average of the temperature deviation of
each data point from each trendline) was 0.18°,
0.23°, 0.35°, and 0.01°C for the TCO, TC2, TC6
and phantom center locations, respectively, indicat-
ing that the level of accuracy with which the
recovered conductivity can track the actual tempera-
ture is high, even when the artifacts associated with
the ultrasound beam/thermocouple interactions are
taken into account.

Conclusions

We have successfully integrated a scanned focused
US therapy transducer for hyperthermia with a
microwave imaging array for non-invasive

temperature monitoring. The US beam steering
primarily utilizes vertical motion of the transducer
support rods which occupy minimal space and do
not interfere with the microwave illumination zone.
We have demonstrated that the system can scan a
range of arbitrary geometries and heating patterns
with concurrent thermal imaging which could be
useful in various therapy settings. The phantom
experimental results are encouraging in terms of
capturing the overall temperature characteristics of
the heated zones especially with respect to their
temporal variations. They show that the gel proper-
ties do indeed vary with temperature and that the
microwave imaging system is sufficiently sensitive to
capture these variations. Specifically, temperature
sensitivity and accuracy are better than 0.5°C and
0.35°C, respectively, in the experiments performed
here. Small temperature changes of less than a degree
recorded in the center of the phantom during the
early stages of a heating experiment involving a
particular scan pattern resulting from the cooling of
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residual temperature elevations in prior experiments
were captured in the conductivity images. Cyclic
heat-up and cool-down behavior in recorded tem-
peratures due to spatial cycling of the US beam
pattern with periods of less than 100 seconds were
also evident in the imaged conductivity maps. These
results suggest that the temporal and thermal
resolutions of the imaging procedure are sufficient
for most clinical applications.

The next step in developing and evaluating this
combined therapy/monitoring system will be to apply
it in animal experiments. Important advances will be
needed to provide the heating from below (or side)
the animal with the beam aimed upwards (or from
the side) at the target tissue from within the coupling
bath. The 3PS system is well suited to this config-
uration because the transducer support rods can be
mounted to slide through hydraulic seals in the tank
base (or walls) similarly to the way in which the
microwave monopole antennae already move
through the tank wall. In addition, it may not be
physically possible to position a full circular array of
antennae completely around the treated tissue.
However, we have shown in recent experiments
that we can recover high quality images from arrays
that partially surround a target zone. Speed of data
acquisition and image processing remains a challenge
as well. We are currently fabricating a microwave
system that will be capable of acquiring single image
data sets at a rate of 20 frames/sec compared to the
current system which records one image every 15
seconds. This will be a dramatic improvement in
temporal resolution. The image reconstruction time
will also significantly improve with further algorithm
optimization and the use of parallel processing and/or
field programmable gate array (FPGA) processors
dedicated to the computations.

Finally, biological and/or physiological challenges
to the thermal imaging approach also remain as the
linearity of electrical conductivity change with tem-
perature is expected to degrade when large elevations
are sustained over time during treatments and may
vary with tissue composition and/or perfusion effects
that are likely to be present iz vivo during thermal
therapy. While we expect to be able to recover reliable
electrical property maps that vary over time during a
heating procedure, interpretation of these changes in
terms of temperature or some other surrogate of
treatment effect awaits further study.
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