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Abstract

Thermotherapy is an attractive alternative to surgery and radiation therapy because of its ability to locally kill tumours while
preserving surrounding normal tissues. An important part of successful thermotherapy is real-time temperature monitoring
to control the area being heated while protecting normal tissue. The pulsed microwave absorbed by biological tissue can
excite ultrasonic waves via thermoelastic expansion, while the magnitude of the acoustic signal is temperature-dependent.
The goal of this work is to develop an approach for treatment monitoring of thermotherapy. The pulsed microwave serves
as an acoustic excitation source as well as heating source. Temperature is real-time monitored by the magnitude of the
thermoacoustic signals. Experiments were conducted in phantoms and fresh ex wvivo tissues, an accuracy of 0.2°C was
obtained. This approach has the potential to be developed into a viable alternative to current clinical temperature monitoring
device for microwave thermotherapy.
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Introduction possibility of cancer transfer. In order to overcome
these shortcomings, novel non-invasive temperature
measurement processes with relatively high precision
should be vigorously explored and researched as a
replacement.

The required accuracy and spatial resolution can
be achieved by MRI. However, MR temperature
monitoring has its drawbacks. These include motion
artifacts which can be substantial over a lengthy
heating procedure, integration challenges associated
with the therapy device, and cost [8, 9]. Ultrasound

In recent years, microwave thermotherapy (MT) has
been an important treatment in oncology. It has
been used successfully in biological therapy for breast
cancer, prostate cancer, head and neck cancer [1-3].
One of the most significant barriers to wider accep-
tance of thermotherapy has been the lack of adequate
temperature monitoring method which has limited
the optimization and control of the treatment.
There are invasive techniques for monitoring tissue
temperature as well as non-invasive techniques such

as magnetic resonance imaging (MRI), computed has been successively used in the diagnosis and
tomography (CT), ultrasound (US) and microwave treatment of malignant tumours due to its non-
tomographic imaging [4-9]. In invasive methods, invasive and non-ionising characteristics [10, 11].
semiconductor thermistor or thermocouple compo- Several ultrasound approaches [12-15] have also
nents are inserted into the tumour centre. In order been investigated as thermotherapy —monitoring
to eliminate the influence of electromagnetic inter- candidates because of the significant temperature
ference, temperature measurements should be con- dependence of their associated properties — speed
ducted during a brief interruption of heating. of sound, sound attenuation, backscattered power,
Moreover, it causes pain as well as creating the and thermal expansion, but neither has been
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implemented in the clinic so far due to the limited
resolution and accuracy [13]. One of these techni-
ques is based on tracking the echo-shift in the
time-domain, and differentiating the time-shift to
obtain a temperature profile. However, only the
average temperature of a specific range can be
obtained, which makes it have relatively poor spatial
resolution [14]. In addition, the measurement
process is often influenced by the organ motion
and is therefore not suitable for clinical applications.
Thermotherapy temperature can also be monitored
by sound attenuation, which is known to significantly
change when exposed to high temperatures [16, 17].
The challenge here is that accurate extraction
of attenuation coefficient from echo wave is very
difficult. Moreover, the increased rate of backscatter
and attenuation are only obvious at high temperature
(55°C or higher). Therefore, the method of measur-
ing acoustic attenuation is well suitable for monitor-
ing of hyperthermia, but it does not apply to
thermotherapy.

The thermoacoustic (TA) effect refers to the
generation of acoustic waves by electromagnetic
(EM) irradiation such as optical or microwave/radio
frequency waves. In the past ten years, thermo-
acoustic tomography (TAT) using pulsed EM exci-
tation has undergone tremendous growth [18-20].
Energy deposition inside biological tissue through
the absorption of incident EM pulses will create a
transient temperature rise in the order of 10 mk.
In the thermoelastic mechanism of acoustic genera-
tion, a sound or stress wave is produced as a
consequence of the expansion induced by the tem-
perature variation [21]. We found thermoacoustic
signals are temperature dependent, which is an ideal
characteristic for use in monitoring biological tissue
temperature. This paper presents a study on pulsed
microwave-induced thermoacoustic signals with
the intent of monitoring tumour tissue temperature
during thermotherapy. The pulsed microwave serves
as an acoustic excitation source as well as heating
source, and experiments were performed on phan-
toms and fresh ex vivo tissue samples. The results
indicate that the presented method is feasible and
sufficiently sensitive to monitor tissue temperature.
Moreover, the thermotherapy ability of pulsed
microwaves means it can be used to construct a
combined therapy/monitoring system.

Methods and materials
Thermoacoustic theory

The conditions of stress confinement have to be met
in thermoacoustic wave generation. In soft tissues,
the EM energy is deposited within a relatively
short time, hence the thermal diffusion effect is
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usually negligible. Under the afore-mentioned con-
ditions, the initially excited acoustic stress or pres-
sure is determined by the local EM absorption.
In response to a heat source without considering
thermal diffusion and kinematical viscosity, the
pressure at position r and time t in an acoustically
homogeneous medium obeys the following wave
equation: [22]
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where g is the isobaric volume expansion coefficient,
Cy is the speed of sound, C, is the heat capacity, and
H(r,r) is the heating function defined as the thermal
energy per unit time and unit volume deposited by
the energy source.

In general, the solution of Equation 1 in the time
domain can be expressed by [23, 24]:
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The heating function can be written as the product
of a spatial absorption function and a temporal
illumination function:
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Particularly I(z) = §(z) under the conduction of
thermal confinement, subject to zero-initial-value
conditions P(r,0) = 0 and a%P(r, 0) = 0 result in the
following equation [25-27]:

P(z) = (BC?/Cp)paH=T"11,H(z) =T Hoe " (4)

The expression of ,BCZ/CP represents the
Griineisen parameter (I") that equals to 0.11 for
water and 0.23 for muscular at room temperature.
¢~1a3) represents the attenuation of the electromag-
netic field strength as a function of distance from the
radiator (its impact was ignored due to the signals
which were captured from the same depth).

The Griineisen parameter is a dimensionless,
temperature-dependent factor which is related to
the thermal and bulk properties of the medium. I' is
proportional to the fraction of thermal energy con-
verted into mechanical stress. The thermal expansion
coefficient (B8) defines the fractional changes in the
volume of a material with temperature — normally its
value increases almost linearly with temperature
except for the lowest temperatures [28-30]. There
is a linear relationship between tissue thermal
expansion coefficient and temperature between
25°C and 55°C [31, 32], thus I" can be expressed
by the equation:

Fr=A+BxT (5)
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where A, B are constants and 7 is the temperature
measured in °C. The absorption coefficient can be
expressed as:

o = @ “78[ 1+(i)2—1} (6)

where w is the angular frequency, u is the perme-
ability, ¢ is the permittivity, and o is the conductivity.
The complex dielectric properties of tissues deter-
mine the propagation and absorption distribution of
microwaves. Several investigators have shown that
the electrical conductivity of materials is tempera-
ture-dependent [32]. The temperature rise causes an
increase in the electrical conductivity, which will also
lead to change in thermoacoustic signals.

According to the above equations, the thermo-
acoustic pressure is correlated with the conduc-
tivity and I, and it can be written in the following
forms:

P(z0) = (A + B+ T)Po, (7

where P, is the thermoacoustic pressure generated
at baseline temperature, z, is the depth. The equa-
tion demonstrates that the thermoacoustic pressure
is directly proportional to temperature where its
variation is the reaction of sample thermodynamic
parameter changes with heat. According to Sigrist’s
study [24] for bipolar thermoacoustic signals, both
the positive and negative extrema were proportional
to temperature while the peak—peak value was used
in this study to define the amplitude of thermo-
acoustic signal. On the basis of the theoretical
description, after establishing the linear regression
equation of thermoacoustic pressure with tempera-
ture, the actual temperature corresponding to
recorded signals can be calculated.

The measurement accuracy of the present method
was compared with the ultrasound method which
is based on measuring change in sound speed.
According to the previous study [14, 15], the
variation in the acoustic transit time through a

medium changes with temperature, and it can be
obtained by the equation:

At = t(To + AT) — «(Ty). (8)

The differential can be calculated using a cross-
correlation algorithm. Therefore, the change of the
sound speed can be retrieved easily and the temper-
ature rise can be calculated from the velocity change.

Experimental setup

A block diagram of the experimental setup is shown
in Figure 1. A pulsed 6 GHz microwave generator
(BW-6000HPT, Xian, China) was employed as the
excitation source. The microwave was delivered to
the sample through a rectangular waveguide with an
opening of 34 x 15mm? and TE10 mode. A clock
signal provided by a function generator was used for
triggering the microwave generator. The peak pulsed
power was 300 KW which could be adjusted by
voltage regulation, and the average output power was
9W when the pulse repetition frequency (PRF)
measured 50 Hz. The great advantage of the micro-
wave generator is that its PRF and pulse width can be
freely adjusted, hence power regulation can be
obtained by controlling the pulse. The PRF has an
adjustable range of 1Hz-500Hz and the pulse
duration has a span from 0.35 s and 1.2 ps.

The acquisition system utilised in the experiment
was based on an acoustic transducer and oscillo-
scope. A piezoelectric transducer (Doppler,
Guangzhou, China, Central frequency: 2.5 MHz)
and a needle polyvinylidene fluoride (PVDF) hydro-
phone (Precision Acoustics, Dorchester, UK.
Sensitivity: 850 nl//Pa) were employed to receive
the time-resolved acoustic signals. They are subse-
quently amplified (Precision Acoustics) with gain
of 55dB and recorded by a digital oscilloscope
(TDS3032B, Tektronix, Oregon, USA) at a sam-
pling rate of 250 MS/s. The thermoacoustic signal
was averaged for 256 times to improve the
signal-to-noise ratio (SNR). The averaging and
recording time for one measurement was 12s.

Microwave
Generator

|11 Control Circuit

I \j\fw =T Om out

I 11 Trigger
[
Transducer

PCI-GPIB
Amplifier Oscilloscope Computer

Sample

Figure 1. An experimental set-up schematic of pulsed microwave thermotherapy and in situ temperature monitoring
system. The coupling medium between sample and transducer is oil in a plastic bag.
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The data collection was controlled by a GPIB card
(PCI-GPIB, National Instruments, Austin, USA)
and the control modules were written using the
Labview  programming language (National
Instruments).

Experimental materials and procedure

Prior to temperature monitoring studies, experi-
ments were performed with water as a sample to
investigate the relationship between temperature and
thermoacoustic pressure. The water was heated in a
tank and pumped to the location of the microwave
beams, the thermoacoustic signal was recorded with
time as the temperature rise. The actual temperature
of the sample was also monitored by digital ther-
mometer (51-I1, Fluke, Everett, WA, USA) with an
accuracy of 0.1°C.

In order to evaluate the biomedical performance
of this method, three independent experiments with
different PRF were performed on pieces of freshly
excised porcine muscle tissue. The approximate
dimensions of the muscle were 15mm x 10 mm,
and the thickness of the muscle was 10 mm. A piece
of muscle tissue was used for each experiment and
the measurement was repeated twice. For each PRF,
the sample was first heated by the pulsed microwave,
and thermoacoustic signal was recorded with time as
the temperature increased. Then the sample temper-
ature was allowed to cool down to near room
temperature by operating the microwave intermit-
tently, and the thermoacoustic signal was recorded
with time as the temperature decreased. The samples
and transducer were placed in a sealed stainless
steel tank. Thermoacoustic signals emitted by sample
were coupled to the transducer by oil that is placed
in a sealed plastic bag. The actual temperature
was also invasively monitored using a digital ther-
mometer as before.

In order to further study the capabilities to detect
non-uniform temperature field, measurements were
carried out on samples with differing microwave
absorption coefficient. A gelatin phantom which
measured 10 x 10 x 8mm® was prepared for the
investigation. Amounts of iron oxide (Fe;O,4) nano-
particles were placed in the centre of the phantom to
amplify the temperature gradient when heating.
Magnetic nanoparticles can convert the absorbed
microwave energy to thermal energy under alternat-
ing magnetic fields, which adds the advantage of
site-specific targeted temperature rise. The Fes;O,
particle is the clinically used absorber for microwave
thermotherapy, it can control the microwave energy
to the predominated region, effectively decreasing
the thermal diffusion and reducing the damage to
normal tissue [34-36].
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Results

The Griineisen parameter of water and peak values
of thermoacoustic signal versus temperature are
presented in Figure 2. A linear relationship between
the temperature and the thermoacoustic signal was
observed. The circles seen in the figure show how the
Griineisen parameter of water varies with tempera-
ture. For water in this temperature range, the
Gruneisen parameter is a linear function of temper-
ature, and an increment of 84% was observed in the
range of 28-58°C. The fitting curves of Pp.(T)
in the experiment coincide well with the thermal
parameters given by Shah et al. [31]. The change rate
of I' provided by the reference is approximately
3.29% per 1°C whereas the estimated dependence of
the thermoacoustic signal amplitude rise on temper-
ature is 2.93% per 1°C. Therefore, the change rate
of the thermoacoustic signal value with temperature
is agreed to be effectively related to the change rate
of I'. The deviations observed can be explained with
the temporal variations in microwave pulse energy
and detector sensitivity.

A comparison between the thermoacoustic
approach and ultrasound methods was made.
Temporal wave forms of thermoacoustic signals
were extracted and shown in Figure 3. Waves in
the figure correspond to thermoacoustic signals
that recorded at different temperatures. As shown
in the figure, the peak value at 21°C is 172 while
it changes to 463 when the temperature increase
to 71.5°C, reflecting a calculated change rate of
3.35%/°C. In contrast, the exact travel time
change of acoustic is 0.165 us with the change rate
of 2.5%0/°C. The present method increased the
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Figure 2. Peak thermoacoustic pressure induced in water
with various temperatures. The triangle represents exper-
imental data and the circles are the Griineisen coefficient.
The solid line is the fitting curve of experimental
data versus temperature while the dashed line is a fit to
literature data [31].
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temperature sensitivity by more than an 13.4 times
greater than ultrasound method.
The experiments described above reveal a definite
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Figure 3. Waveforms of the microwave-induced acoustic
pressure for water at various temperatures.
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amplitude and temperature of water, while the
acoustic can be induced as long as the capacity
exists for microwave absorption. Three independent
experiments were performed on ex vivo tissues;
the corresponding PRF was 15Hz, 25Hz and
35 Hz, respectively. Figure 4A, B and C show the
peak—peak value of thermoacoustic signal induced in
pork muscle at different temperatures. As seen from
these figures, signal magnitudes have a linear rela-
tionship with temperature in the measured range.
In Figure 4A, the linear fit line outcomes match
the recorded data with an R* of 0.985. In Figure 4B
and C, similar results display that the linear curve
fitting again matches well with goodness of 0.994 and
0.989. Significant increases of the thermoacoustic
amplitudes were observed in all the three experi-
ments, with increasing rate of 2.07%/°C, 1.79%/°C
and 1.99%/°C, respectively. The variance may be
ruled out by improving the SNR. In microwave
thermotherapy, the tumour was generally heated
from 37°C to approximately 45°C, and thermoa-
coustic signals magnitude has an increase of 15% as
calculated from Figure 4B and C, which is sensitive
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Figure 4. (A, B and C) Dependence of the thermoacoustic pressure on the temperature, which shows goodness fit for linear
regression. The test sample was freshly excised pork liver. The PRF is 15 Hz, 25 Hz, 35 Hz, respectively. R?, goodness of fit.
(D) Relationship between the rise of temperatures in ex vivo tissue and the pulse repetition frequency. The average power
corresponding to the used PRF is 2.7 W, 4.5W and 6.3 W respectively.
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and reliable to use for treatment monitoring of
microwave thermotherapy.

In order to confirm the heating ability of the pulsed
microwave, ex vivo muscular tissue was heated by
regulating the PRF, while temperatures were
recorded by thermometer simultaneously. The
consuming time of heating process is shown in
Figure 4D. The temperature generally increases
with heating time, while it has some difference
as the PRF is varied from 15Hz to 35Hz. The
temperature increased rapidly to 38°C when the
PRF is 15 Hz. However, it is much harder to achieve
higher temperatures due to heat exchange between
tissue and surrounding medium increases with the
temperature gradient. Meanwhile, the tissue can be
heated up to 50°C when a PRF of 35 Hz was used,
and 25 minutes was consumed for the temperature
increase from 30°C to 45°C. However, employing
higher PRF can eventually give a much more rapid
temperature rise. In tumour treatment, damage from
microwaves was related to the total dose or energy
deposition. Previous experiments (Trevithick et al.,
1998) have investigated the effects of different peak
power and pulse durations to tumour damage.
Experiments indicated that pulsed exposure caused
more damage than continuous wave (CW) exposure
when given at the same average power and for
identical times and temperatures [37]. In a word, the
use of pulsed microwave heating for thermotherapy
treatment of tumours is a practical and feasible
approach.

The actual temperature corresponding to the
thermoacoustic signal shown in Figure 4 can be
calculated from the linear fit equation. This is shown
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Figure 5. The calculated values (triangle) from thermo-
acoustic signals versus actual temperature recorded by
a digital thermometer. The solid line represents the line
of unity.
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in Figure 5 and is compared with the temperature
recorded by digital thermometer. The actual values
are from 27.6°C to 48°C, and the averaged recorded
interval is 0.48°C. Thermoacoustic signals detected
by transducer was averaged 256 times in one
measurement, error bars were added according
to the three experiments showed in Figure 4. The
calculated results are found to have a better match
with data measured by thermometer, the mean
differences between them is only 0.767°C. Errors
which were induced by microwave fluctuation can be
ruled out as the measurements were repeated more
times. The measurement precision can be calculated
by the change rate of thermoacoustic pressure
and corresponding temperature change. As seen
from Figure 4, the excited thermoacoustic signals
amplitude are approximately 5000 arbitrary units
(a.u.) at 30°C, assuming change of 10a.u. can be
detected, which gives us a temperature resolution
of 0.2°C. However, temperature resolution can be
improved by improving the stability of the microwave
pulse energy and employing higher sensitivity trans-
ducer. Furthermore, temperature resolution can be
increased by averaging several thermoacoustic signals
to improve the SNR.

Thermoacoustic imaging has a spatial resolution
of sub-mm level, thus temperature change of differ-
ent points can also be detected by time-resolved one
dimensional thermoacoustic signals. Figure 6 shows
signal magnitudes induced in phantoms with PRF
of 35 Hz. In the figure, the curves marked with A and
B are produced by the boundary of the phantom
and Fe;0,4 nanoparticles, respectively. Both of them
increase about 50% after 17 minutes of heating.
At the beginning of measurements, signal magnitude
of Fe;O, particles is 1.33 times larger than that of
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Thermoacoustic amplitude (a.u.)
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Figure 6. Pulsed microwave-induced acoustic pressure
versus heating time with a pulse repetition frequency of
35 Hz. The inset image shows a sample made of agar and
Fe;0, particles.
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phantom boundary while the difference amplified
to 1.54 times after heating, which indicates that the
Fe;0, particles give rise to a larger temperature
increase in the heating process. These results dem-
onstrate the success of our measurement approach
in measuring temperature at different positions with
time-resolved one-dimension signals. Moreover, this
tool provides an alternative method for reconstruct-
ing non-uniform temperature field.

Discussions

Thermotherapy can be carried out on tumours at a
depth of a few cm by selecting appropriate micro-
wave wavelength. The temperature distribution is
also non-uniform in depth direction due to micro-
wave attenuation, which can be obtained by shifting
the focus layer of transducer. (The slice distinguish-
ing ability of the system has been proved by our
previous work [33]). The penetration depth of
microwaves is related to the microwave wavelength
and absorption coefficient of the sample. At the
frequency of our experimental set-up, 6 GHz, the
penetration depths for fat and muscle are 5.2cm
and 0.7cm, respectively. Much lower frequency
microwaves can have a higher penetration depth.

Compared with continuous wave irradiation,
pulsed microwave as a thermotherapy source is
especially suitable for the treatment of deep inflam-
mation, since it enhances the penetration depth and
treatment effect, causing greater damage to tumours
[37]. We propose a combined system for pulsed
microwave thermotherapy and temperature monitor-
ing. The power setting would be varied from 50 to
150 W in clinical thermotherapy, and the treatment
duration varied from 2 to 20 minutes. To meet the
needs of clinical application, the output power of
the pulsed microwave system can be controlled
under 100W through an external trigger source.
Furthermore, the waveguide can be replaced by
an irradiation antenna to focus the microwave on a
specific range.

As the system reaches the clinical phase, it is also
important to accurately assess the potential safety
hazards to patients. A common technique for
assessing safety levels for microwave exposure is by
characterising specific absorption rates (SAR) inside
the body and comparing them to prescribed maxi-
mum limits, such as those described by the Institute
of Electrical and Electronic Engineers (IEEE) and
the International Commission on Non-Ionising
Radiation Protection (ICNIRP). The rate of micro-
wave energy deposition or SAR in the lens is related
but not identical to the elevation of lens temperature
during exposure [37]. According to a study of
Trevithick et al. [37] the SAR values for 600 KW

peak power pulses sufficient to cause damage at the
10 pm level (SAR 0.01 W/kg) and 20 um level (SAR
0.28 W/kg) are both below the threshold of 0.4 W/kg
assumed in the accepted safety standard of 4 W/kg
(this includes the factor of 10 usually used for safety
above the minimum biological effect). Further
experiments should be conducted to insure the
thermotherapy ability of pulsed microwave.
Moreover, the magnetic particles can be distributed
in very small portions within the targeted area, thus
enabling the generation of a precise SAR distribu-
tion, which may significantly improve the steering
of a thermal therapy compared to conventional
hyperthermia techniques [38]. Besides microwave,
thermotherapy source can also be high intensity
focus ultrasound (HIFU) [39], or laser and radial
frequency electromagnetic waves. We predict that
if a source is pulsed which can be absorbed by
tissue, thermal acoustics can be excited conse-
quently. Therefore the detection method can be
widely expanded to other forms of thermotherapy.

The experiments presented in this paper were
taken in phantoms and excised tissue, however,
heating effects will be somewhat different as applying
these procedures to living tissue. The next step in
developing and evaluating this combined therapy/
monitoring system will be applied to animals in vivo.
The volume expansion coefficient and the speed of
sound are linearly proportional to temperature up
to 55°C [31, 32] which is lower than the temperature
of thermal ablation. Hence this approach may fail to
provide accurate results for the temperature moni-
toring of thermal ablation process. However, ther-
mal ablation of tumour tissue is associated with
a decrease in water content and conductivity, and
thermoacoustic imaging can be used to differentiate
thermal lesions from normal tissue [40].

The present method shows the ability of point
temperature measurement, however, thermoacoustic
imaging is needed to reconstruct a non-uniform
temperature field. Speed of data acquisition and
image processing remains a challenge as well.
More experiments should be carried out to improve
real-time temperature field reconstruction capability
using the 64-channel parallel data acquisition system:
this is ongoing work at our facility.

Conclusions

We have successfully integrated a pulsed microwave
for thermotherapy with thermal-induced acoustic for
non-invasive temperature monitoring. Preliminary
studies on phantoms and ex vivo tissues show that
the thermoacoustic pressure indeed varies with
temperature, and that the system is sufficiently
sensitive to capture these variations. Specifically,
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temperature accuracy is better than 0.2°C in the
experiments performed here. In addition, the
approach has the ability of non-uniform temperature
measurement. Therefore, we conclude that the
thermoacoustic method has the ability of real-time
in situ temperature monitoring during heating.
Although more studies should be done to demon-
strate the possibilities for applications in clinical
biomedicine, clearly it has great potential to yield an
integrated system combining thermotherapy with
temperature monitoring, which may be developed
into valuable real-time feed-back modality for clinical
thermotherapy.
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