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Development and Testing of a System for
Controlled Ultrasound Hyperthermia Treatment
With a Phantom Device

Aoife M. Ivory™, Member, IEEE, Raphaela de Melo Baesso™, Giovanni Durando,
Srinath Rajagopal™, Member, IEEE, and Piero Miloro

Abstract—Hyperthermiais the process of raising tissue
temperatures in the range 40 °C—45 °C for a prolonged
time (up to hours). Unlike in ablation therapy, raising the
temperature to such levels does not cause necrosis of the
tissue but has been postulated to sensitize the tissue for
radiotherapy. The ability to maintain a certain temperature
in a target region is key to a hyperthermia delivery system.
The aim of this work was to design and characterize a
heat delivery system for ultrasound hyperthermia able
to generate a uniform power deposition pattern in the
target region with a closed-loop control, which would
maintain the defined temperature over a defined period.
The hyperthermia delivery system presented herein is
a flexible design with the ability to strictly control the
induced temperature rise with a feedbackloop. The system
can be reproduced elsewhere with relative ease and is
adaptable for various tumor sizes/locations and for other
temperature elevation applications, such as ablation ther-
apy- The system was fully characterized and tested on
a newly designed custom-built phantom with controlled
acoustic and thermal properties and containing embedded
thermocouples. Additionally, a layer of thermochromic
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|. INTRODUCTION

YPERTHERMIA is the process of raising tissue temper-

atures to abnormally high temperature (40 °C—45 °C).
Hyperthermia treatments require the temperature to be kept
within this specific range (40 °C—45 °C) for a prolonged time
(up to hours) and can be used as a thermal therapy for cancer
treatment [1]. Unlike thermal ablation, where temperatures
exceeding 60 °C are achieved, hyperthermia does not cause
necrosis of the tissue. However, hyperthermia treatment has

For more information, see https://creativecommons.org/licenses/by/4.0/
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Highlights

o A fully characterized flexible system for hyperthermia delivery and a newly-desighed custom-built phantom
containing thermochromic material and embedded thermocouples is presented.

o The system can increase the temperature of the target area 6 °C above body temperature and maintain the
temperature to within +0.5 °C, the increase in temperature correlated with the RGB image analysis of the

thermochromic material.

« Theresults of this work have the potential to contribute towards increasing confidence in the delivery of hyperthermia

treatment to superficial tumors.

long been postulated to sensitize the tissue for both radio-
therapy and chemotherapy [2]. Damage to healthy tissue can
limit the achievable dose delivered in radiotherapy, but by
combining with hyperthermia, the radiosensitivity of the tissue
in the target region can be increased by an order of magni-
tude [3]. Hyperthermia can be used as a technique, which
targets increasing oxygenation delivery, increases blood flow,
and inhibits DNA repair, providing mechanisms to sensitize
tissue to radiotherapy [4] and overcome hypoxia.

The therapeutic effect of hyperthermia treatment combined
with radiotherapy treatment depends on several factors, includ-
ing the time between treatments, the duration of hyperthermia
treatment, and the temperature achieved. The combination
of the temperature and the duration of heating is known as
the thermal dose and is often expressed as the cumulative
equivalent minutes at 43 °C (CEM43 °C). CEM43 °C can
be used to convert a time-temperature history to an equivalent
number of minutes of heating at 43 °C, using the following
equation:

CEM43°C :/z - RMDdy (D

where CEM43 °C is the cumulative number of equivalent
minutes at 43 °C, ¢ is time, T is the temperature, and R is
related to the temperature dependence of the rate of cell death
[R(T < 43°C) = 1/4 and R(T = 43 °C) = 1/2].

The resulting CEM43 °C value represents the effect of the
entire history of heat exposure [5]. However, it should also
be noted that this measure does not account for the effect of
sensitization by enhanced oxygenation, variation in interval
time, and the effect of multiple hyperthermia fractions [6].

The ability to maintain a certain temperature in a target
region is critical to the hyperthermia delivery system. This
is important to achieve the desired effects but: 1) ensure
that necrosis is not induced (due to increased temperatures
consistent with thermal ablation) and 2) ensure healthy tissue
is not treated (requiring sufficient localization of the treatment
to avoid sensitizing healthy tissue). An accurate knowledge
of the temperature change induced, and the thermal dose,
also contributes to a better understanding of the therapeutic
effects, improves repeatability, and enables multicenter trials,
thus facilitating the clinical introduction of new therapeutic
strategies and their assessment.

Therefore, the aim of this work was to design and charac-
terize a heat delivery system for ultrasound hyperthermia able
to generate a uniform power deposition pattern in the target

region with a closed-loop computational control, which would
maintain temperature at a defined level indefinitely. A sec-
ondary aim of the work was to design a phantom test device on
which to test and validate such systems. Similar systems have
been reported using magnetic resonance (MR) thermometry
[7]; however, the system presented herein uses thermocouples
to monitor the temperature, offering the advantage of making
it cheap and transportable. A review of focused ultrasound-
based hyperthermia systems has been published elsewhere [8],
in which thermocouples, MR thermometry, and infrared cam-
eras have all been reported to measure temperature evaluation.
There are a number of reviews of temperature monitoring tech-
niques published [9], [10], detailing the advantages and disad-
vantages of each technique. Some systems are only applicable
when the full body is heated to a constant temperature [11].
The ability to monitor temperature increases throughout ther-
mal procedures is a regulatory prerequisite to clinical use in
the USA alongside requirements to demonstrate the accurate
targeting of a region of interest [12]. The spatial and temporal
resolution required for such temperature measurements will
depend on the specific application, including exposure time,
rate of temperature rise, how the measurement it to be used
(e.g., for feedback control versus dose calculation), and the
delivery system used [9]. The development of an adaptable
system for temperature control and monitoring is therefore of
interest.

The hyperthermia delivery system presented herein is a
flexible design with the ability to strictly control the induced
temperature rise with a feedback loop. The system has the
advantage that it can be reproduced elsewhere with rela-
tive ease and is adaptable for other temperature elevation
applications, such as ablation therapy and for various tumor
sizes/locations. The system was designed with an high inten-
sity focused ultrasound (HIFU) transducer, coupled with a
stand-off cone, which was characterized using National Phys-
ical Laboratory’s (NPL) transducer characterization facility.
The stand-off cone was a custom-made plastic cone, which
was filled with deionized water and sealed with a Mylar layer.
It ensures that the treatment is applied on a superficial surface
at a specific distance from the transducer and provides a water
path for coupling. The presented system has been designed for
noninvasive treatment to superficial sites of interest; however,
combined with simulations and without the use of the stand-
off cone, the system could be expanded for nonsuperficial
treatments. The use of a focused device and cones of different
length allows for modification to extend the target region.
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An application specific phantom device was designed to test
the system performance. Ten exposures were performed, and
the temperature achieved recorded over the heating phase
for 4 min and the cooling phase for 4 min. Using both
thermocouples and thermochromic tissue mimicking material
(TMM) the temperature achieved, stability, repeatability, and
localization of the treatment were assessed.

The designed system could be used for assessing the poten-
tial of radiotherapy combined with hyperthermia in initial
phantoms and preclinical small animal studies.

Il. SYSTEM REQUIREMENTS

The requirements of the system were as follows.

1) The transducer was required to have the ability to
deliver up to 6 W over an alterable exposure region.
An HIFU transducer was used to achieve this with a
custom designed stand-off cone filled with degassed,
deionized water, which could be replaced with others of
different dimensions depending on the required region
of exposure.

2) The aim of the system was to deliver an exposure, which
generated a stable increase in temperature over a defined
period. The acoustic power delivered by the ultrasound
transducer therefore needed to be continuously adjusted
to maintain a stable temperature at the focus. This
required control of both the acoustic power delivered
by the transducer and the ability to read and assess
the current temperature at the focus throughout the
exposure. This was achieved by fine control of the output
acoustic power from the transducer throughout exposure,
which was controlled through a feedback loop based
on the temperature read at that moment. The acoustic
power generated by the transducer is a function of the
excitation voltage, and therefore, the ability to adjust
this voltage throughout exposure was required. Thus,
the system required software control of the excitation
voltage, the ability to read and record the temperature
in the exposed region throughout the exposure, and
the ability to adjust the excitation voltage continuously
based on this value.

3) The system was designed to be tested on a phantom
device with biologically relevant acoustic and thermal
properties, in which the exposure could be measured.
The phantom device required the inclusion of some
method of assessing the temperature increase in a feed-
back loop both at the center of the exposure region,
to maintain the required temperature, and across the
surface, to examine the heating profile to assess localiza-
tion of treatment. A phantom test device was designed
using a standard TMM, fine wire thermocouples, and
thermochromic TMMs to fulfill this requirement.

I11. SYSTEM DESIGN AND CHARACTERIZATION
A. Hyperthermia Delivery System

The ultrasound transducer used for this work was HIFU
device (SU103 S/N 101, Sonic Concepts, Bothell, WA, USA).
The center frequency of the transducer was 3.57 MHz.

Amplifier Waveform
generator
Transducer
phantom '— MATLAB Laptop
| Thermocouple controller
Water bath reader

Fig. 1. Schematic of the experimental hyperthermia delivery system.
The MATLAB (MATLAB 2019a, The Mathworks) controller adjusted the
voltage on the waveform generator using a USB to general purpose
interface bus (GPIB) interface.

A stand-off cone was attached and filled with degassed deion-
ized water (conductivity <5 uxS-cm™') and sealed with a
12-um-thick Mylar layer (see Fig. 3). The characterization of
the transducer is described in Section III-C. The transducer
was powered by a system comprising a waveform generator
(33250A, Agilent, Santa Clara, CA, USA) and amplifier (150A
100B, AR Ltd., Limerick, Ireland). The system was setup,
as shown in Fig. 1. Prior to the system being switched ON,
a specifically designed phantom, described in Section III-B,
was submerged in a water bath, and the stand-off cone at
the face of the transducer was positioned in contact with the
in house manufactured thermochromic layer forming the top
surface. The water bath was heated to 37 °C and the system
switched ON.

The voltage delivered to the system was controlled via
closed-loop feedback to the function generator with the drive
voltage ranging between 30 and 55 mVpp (corresponding
to 28.6-47.7 Vpp delivered to the transducer). The initial
voltage was set to 30 mVpp. A thermocouple data logger (Pico
universal serial bus (USB) TC 08, PicoTechnology, U.K.) read
the temperature of the five thermocouples in the phantom via
a MATLAB interface (R2019a, MATLAB, The Mathworks,
MA, USA). The target temperature was set within the MAT-
LAB code: the target here was set to body temperature, 37
°C, plus 6 °C:43 °C, and the upper and lower limits around
this temperature set as Thignh and Tiow, respectively. When the
temperature was read across the five thermocouples, the high-
est thermocouple temperature was compared to these values,
if the temperature was lower than T, the voltage to the
transducer was increased by 5 mVpp, and if the temperature
was above Tpign, the voltage to the transducer was decreased
by 5 mVpp. The temperature was queried every 5 s for 4 min
to first achieve heating in the target region and then maintain
the temperature within this range. Thermocouple voltages and
temperatures were recorded at each time point. After 4 min, the
transducer was switched OFF, and the phantom began to cool,
and the temperature was similarly queried and recorded every
5 s for 4 min in this period to determine the cooling curve.
The experiment was repeated ten times with the phantom’s
single-use thermochromic TMM layer replaced each time. The
limits of acceptable temperature were set to Thigh = 43.5 °C
and Tiow = 42 °C in exposures 1-7 and further restricted to
43.5 °C and 42.5 °C in exposures 8-10.
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Fig. 2. Designed phantom test device. (a) 3-D printed holder,
(b) with transparency of the thermochromic layer to show thermocouple
positions, and (c) cross section showing the TMM layers. The overall
phantom assembly was 35 mm in depth and 44 mm in diameter, the
agar TMM section had a height of 32 mm, and the thermochromic layer
3 mm, both had a diameter of 38 mm.

B. Phantom Design

The phantom was designed with the following criteria: to
simulate biological tissue acoustically and thermally, to pro-
vide real-time feedback of the temperature, and to include
a thermochromic material to provide both an indicator of
exposure area and the temperature reached in a biologically
relevant environment. The phantom was designed containing
fine wire thermocouples across the surface (see Fig. 2) held
in place in a 3-D printed holder. There were 5 K-type 75-um-
diameter thermocouples (SSRTC-TT-KI-40-1M, Omega, U.K.)
placed across the phantom: 1) at the center; 2) at 2.5 mm
from the center; 3) at 5 mm; 4) at 7.5 mm; and 5) at the
reference point (12.5 mm). The main body of the phantom
was made of agar-based TMM and a layer of thermochromic
TMM was placed on top (see Fig. 2). The main body of the
phantom could therefore be reused, while the thermochromic
layer was single use. The acoustic properties, as measured in
NPLs characterization facility [13] and the thermal properties
measured using a Tempos thermal property analyser (SH-3
probe, Meter Group, WA, USA) with a manufacturer stated
uncertainty of 10%, of the TMMs used are detailed in Table I.
The agar TMM was manufactured according to Annex DD.2
of International Electrotechnical Commission (IEC) standard
60601-2-37 [14]. The thermochromic material is based on
a polyvinyl-alcohol cryogel (PVAc), and its manufacture is
described in [15] with the addition of aluminum oxide scat-
terers. The thermal response of the ink used in the material
manufactured for this study was sensitive between 42 °C
and 43 °C (MB50Y-NH, Kromagen' Ink and Concentrates,
Lawrence Industries, Tamworth, U.K.).

C. Transducer Characterization

The HIFU transducer was focused (diameter 23 mm and
radius of curvature 35 mm) and a stand-off cone (height
49.50 mm) was attached to the face (see Fig. 3). The cone
could be replaced with others of different dimensions designed
for specific exposure areas. The adjusted transducer was char-
acterized in terms of field mapping, acoustic pressure output,

ITraditional trademark.

TABLE |
ACOUSTIC AND THERMAL PROPERTIES OF THE TMM MEASURED IN
THE DESIGNED PHANTOM

TMM type Phase Velocity Attenuation
@ 35 MHz @ 3.5 MHz
(m's ) (dB-ecm™)
Agar 1544 + 5 22405
Thermochromic 1548 £5 2.1+£0.5
PVAc
TMM type Diffusivity Volumetric Conductivity
(mm?-s™) specific heat (W-m1-K7)
(MJ.m-S.K-l)
Agar 0.156 3.86 0.603
Thermochromic 0.160 3.77 0.603
PVAc

Fig. 3. INRIM transducer comprising an SU103 S/N 101, Sonic Concepts
transducer with stand-off cone, which was filled with deionized, degassed
water, and fitted with a Mylar acoustic window for measurements.

’ Wave
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Fig. 4. Block diagram of the NPL scanning tank used for field mapping
of the HIFU transducer.

and acoustic power output using NPL’s calibration scanning
tank and secondary standard power calibration service.

1) Field Mapping: The field map was obtained by mounting
the transducer in the scanning tank (see Fig. 4) and using a cal-
ibrated (1-20 MHz and step-size 50 kHz) capsule hydrophone
(Golden Lipstick, HGL-0200, Onda Corporation, Sunnyvale,
CA, USA) to receive the signal generated at various positions
relative to the transducer. The hydrophone had a 0.2 mm
element diameter and was connected to a preamplifier (AG-
2020) and dc block (AH-2020-DCBSW). The hydrophone was
placed at a point within the far field of the ultrasonic trans-
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Fig. 5. Block diagram of the NPL secondary standard radiation force

balance.

ducer radiating into a tank containing deionized water. The
transducer was driven using a waveform generator (33250A,
Agilent) and a power amplifier (150A100B, AR Ltd., Ireland).
All measurement equipment was switched ON for a period
of at least 1 h before measurements to ensure it reached
thermal equilibrium. The transducer was excited by a 50-cycle
sinusoidal tone-burst at 25.3 Vpp at the center frequency of
the transducer (3.57 MHz). The hydrophone waveform was
acquired following positioning and alignment for maximum
signal in the plane perpendicular to the transducer axis [16].
The waveform received by the hydrophone was recorded using
an oscilloscope (MS054, Tektronix, Beaverton, OR, USA).
First, measurements were performed in planes perpendicular
to the beam axis (XY planes), and a 2-D scan in the XY plane
was performed with the hydrophone raster scanned across
an area of 15 cm? around the focus in steps of 0.13 mm.
Field mapping was performed both with and without the
stand-off cone in place. Then, without the cone in place,
a scan was performed from the far field to the near field
region (—45 to +15 mm) in the XZ plane. Data were acquired
using an ultrasound measurement system (UMS3, Precision
Acoustics, U.K.), and waveforms were then passed through
the postprocessing engine to output the peak positive voltage;
then, using the previously calibrated hydrophone sensitivity,
this was converted to peak positive pressure and the field map
calculated. The measurements were made at 19.4 °C £ 0.5
°C.

The measured data from the XZ scan were read into
MATLAB (MATLAB 2019a, The Mathworks), and assuming
an axisymmetric field, an approximation of the XY plane was
made by rotating the XZ scan around the axis at each axial
distance, allowing for an estimation of the field at the cone
face during exposures to be made.

2) Acoustic Output Power Calibration: The output power
from the transducer was measured on the NPL secondary
standard radiation force balance (RFB) based on absorbing
target design (see Fig. 5) [17]. The power was measured
at 214 °C £ 0.5 °C. The transducer was excited using
continuous wave signals across the voltage range 20-56 Vpp
and the power was measured at each voltage. The transducer
was mounted at the top of the balance tank with its front
face immersed in deionized, degassed water and radiating

vertically downward, and the centers of the transducer and the
absorbing target (HAM A target, Precision Acoustics) were
aligned along a vertical axis to within £2 mm. The balance
was interfaced with a PC, and the change in weight of the
target was recorded as a function of time for the duration
of each measurement set. In addition to the measurement of
acoustic output power, the voltage supplied to the transducer
was monitored. The RF voltage was measured at the end of
the transducer cable using a high impedance (100 MQ) probe
connected to an oscilloscope (HDO4024A, Teledyne LeCroy,
Teledyne Ltd., Thousand Oaks, CA, USA). For each delivered
power, a measurement set consisted of four ON—OFF cycles,
in which the voltage was delivered to the transducer during an
ON cycle and a 50-Q dummy load during the OFF cycle. The
ON period was 7 s and the OFF period 20 s. The output was
measured at two propagation distances of 5 and 4 mm from
the target to the front face of the transducer and the transducer
removed between measurements to provide a true repeat.

The measured power was calculated from the change in the
measured mass at each ON—OFF—ON transition. The measured
acoustic power P, for an absorbing target is linearly related
to the mean measured mass difference m by the following
formula:

Pp=c-m-g 2)

where c is the temperature-dependent speed of ultrasound in

water and g is the gravitational acceleration (9.812 ms~2). The

radiated power P, was then calculated using
Py

e~/ 4 k(1—eo/*d)

P, = 3)

where

f frequency of the ultrasonic wave (Hz);

d  propagation distance (m);

k  streaming constant for the target;

a  intensity attenuation coefficient (s>m™").

D. Red, Green, and Blue (RGB) Image Analysis

Seven sample tubes of the thermochromic TMM were
prepared. In turn, these were placed in a water bath and heated
to defined temperatures up to 60 °C. By performing RGB
analysis, the curves of color intensity versus temperature could
then be established. After exposure, photographs were taken of
the thermochromic TMM layers from the phantom and RGB
analysis was performed of the region at the focus and a region
at the exterior of the layer. The values were compared to
the curves generated by RGB analysis of the sample tubes
to assess the localization of the heating.

E. Repeatability

The repeatability of the system was approximated by calcu-
lating the thermal dose, CEM43, for each of the ten exposures
performed. The thermal dose was calculated using (1) and
inserting the temperature values at the central thermocouple for
each exposure over the 8-min recording period, encompassing
the heating and cooling curves recorded, to calculate the total
dose.
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Fig. 6. Example of the recorded thermocouple temperatures and applied
voltages from the phantom exposures, from run 10. (a) Temperature
versus time, where the upper limit on temperature was 43.5 °C and the
lower limit 42.5 °C. (b) Drive voltage versus time in the exposure phase.
(c) Calculated power versus time in the exposure phase.

IV. RESULTS

A. Hyperthermia Delivery System

The hyperthermia delivery system was found to provide
control of exposure based on the set temperature limits
throughout all ten exposures. An example of the results is
shown in Fig. 6.

The heating was also found to be sufficiently confined to
the central focal region, with little effect on the thermocouple
at 2.5 mm from the center and any perceivable change in the
exterior thermocouples likely due to heat dissipation or heating
due to the water bath temperature rise. The drive voltage and
calculated power, based on the calibration curve from the NPL
secondary standard, are also shown in Fig. 6; after an initial

(a) (b)

y (mm)

IU.3

0.2

ID.1
0

Fig. 7. XY plane field map (a) without the stand-off cone and (b) with
the stand-off cone measured at 30 mm in the far-field and approximated
fields at (c) 30 mm, for comparison, and (d) 15 mm after the focus, where
exposures were performed.

Peak Positive Pressure (MPa)

rise during the heating phase, once the temperature stabilized,
a relatively constant exposure was maintained, this might be
further restricted using different upper and lower temperature
limits and/or a smaller step-size in voltage increase. Once
the transducer was switched OFF, the temperature rapidly
decreased, confirming that the localized temperature-rise was
induced by the exposure.

B. Transducer Characterization

The transducer output was measured on the NPL scanning
tank. The field with and without the stand-off cone were
compared. The cone was found to preserve the pressure levels
and not distort the field of the transducer, with an average
difference of 4%. Measurements at 30 mm in the far field
are illustrated in Fig. 7(a) and (b). Assuming an axisymmetric
field and using an XZ scan, the XY field at 30 mm was
approximated [see Fig. 7(c)] and compared to the measured
values. The agreement was found to be satisfactory, with less
than 7% difference. The field at 15 mm after the focus was
then approximated from the XZ scan [see Fig. 7(d)], which
corresponds to the exposure distance due to the presence
of the stand-off cone. The measurements, made during the
exposure with both the thermocouples and the thermochromic
TMM, qualitatively showed good agreement with the field
map pattern. All results supported a strictly localized region
of exposure, where only the central region would reach set
target temperature.

The radiated power was measured on the NPL secondary
standard RFB as a function of the recorded drive voltage, the
results of which are shown in Fig. 8. The data fit to a power
law of P = 7.2 x 1073 Vpp?>? with a goodness-of-fit R?
value of 1.

C. RGB Analysis of the Thermochromic TMM

After exposure RGB analysis was carried out on the samples
of the thermochromic TMM, the thermochromic layers from
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Fig. 8. Radiated power measured on the NPL secondary standard RFB
as a function of the recorded drive voltage. The data fit to a power law of
P=7.2 x 1073 Vpp225 with an R? of 1.

the phantom after exposure were compared to samples heated
in a water bath to various fixed temperatures, and Fig. 9
illustrates these results. TMM samples in tubes were heated in
a water bath to various temperatures between 25 °C and 60 °C
[see Fig. 9(a)]. The color intensity of these samples was then
extracted using RGB analysis and RGB curves with respect to
temperature established [see Fig. 9(b)]. The most pronounced
change in intensity was observed in the green curve across the
color change threshold, in the range of the sensitivity of the
ink (42 °C—43 °C).

Each of the single-use thermochromic TMM layers after
exposure showed a confined area of darker lesion, where the
exposure occurred, and no other lesions were present [see
Fig. 9(c)]. This area matched the field maps for this position
(—15 mm) (see Fig. 10). Areas in the exposure region and
outside the exposure region were selected and RGB analysis
indicated that the temperature achieved was at the target
temperature in the exposure region and that the region exte-
rior to this remained at body temperature. For example [see
Fig. 9(d)], in the area selected exterior to the lesion G = 143,
which corresponded to the temperature achieved in the water
bath of 35 °C-37 °C, whereas for the area of the lesion itself
G = 119, which corresponded to the target temperature on
the RGB curve, 40 °C—43 °C. This analysis indicated that the
system achieved sufficiently localized hyperthermia treatment
and would not increase the temperature of the nontarget area
above acceptable limits, which otherwise might lead to damage
to healthy tissue.

D. Repeatability

The thermal dose was calculated using (1) across all the
exposures. The lower bound was found to have no significant
effect on the delivered thermal dose when moving from
42 °C to 42.5 °C between exposures 1-7 and 8-10. The
average thermal dose was found to be 2.36 &+ 0.04 CEM at
43 °C, thus having a Type A uncertainty of less than 2% in
the CEM43.
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Fig. 9. RGB analysis of the thermochromic TMM. (a) TMM samples
heated in a water bath to various temperatures, (b) RGB curves extracted
from these samples overlaid on the color of the thermochromic TMM
at each temperature, with a pronounced change in the green curve at
the color change threshold, (c) various examples of the thermochromic
TMM layers after exposure, showing a confined area of darker lesion, and
(d) examples of the analysis on areas in the exposure region and outside
the exposure region, indicating that the temperature achieved was at the
target temperature and that the region exterior to this remained at body
temperature.
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V. LIMITATIONS OF THE STUDY

The developed system had the following limitations. The
thermocouples are placed at discrete positions, therefore only
giving an approximation of the heating across the surface
at these specific points. While the thermochromic material
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Fig. 10. Overlay of the semi-transparent half-field map at 15 mm, where
the exposures were performed on a sample of the thermochromic TMM,
showing that the region of exposure was well matched.

in some ways addresses this, there is also the potential that
viscous heating and diffusion might be confounding the results
in both measurement techniques. The use of smaller diameter
thermocouples is recommended, where possible, to reduce the
occurrence of such affects [18], [19]. Additionally, due to the
small size of the thermocouples, there is some uncertainty in
regard to the alignment of the phantom and the transducer,
although due to the well localized heating, as evidenced
on the thermochromic material, the presence of the exterior
thermocouples in the phantom can be used to indicate whether
the positioning is accurate within the discrete confines of
the design. The thermochromic material indicated the expo-
sure area in line with that expected; however, the change
is irreversible and therefore gives no indication of stability
of the temperature achieved across the exposure or of the
cooling phase, only the maximum temperature. Addition-
ally, the thermochromic layer was therefore not reusable and
required replacement between exposures. Using the thermo-
couples and the thermochromic material combined addressed
these limitations, somewhat, and was sufficient to ensure that
the temperature did not rise above the prescribed maximum
allowed, that the heating was sufficiently localized and could
be maintained over a specified period, and that the thermal
cooling could be accounted for when assessing the thermal
dose.

VI. DISCUSSION AND SUMMARY

A bench-level hyperthermia delivery system was fully
characterized and tested. The developed system successfully
demonstrated the ability to induce a temperature rise in a tissue
mimicking phantom and maintain that temperature indefinitely
through a feedback loop. The use of a superficial thermocou-
ple presents several advantages when compared to existing
temperature monitoring systems. While the thermocouple only
measures the superficial temperature, by avoiding implanta-
tion, the risk of hemorrhage is reduced [20]. The proposed
solution is portable, cheap, and easy to implement. It does
not require expensive equipment, such as a small animal MR
machine capable of thermometry, and it is suitable for delivery
of localized hyperthermia. The main drawback is the finite
measurement of the temperature; however, an upgrade to an
array of thermocouples would be straightforward. As with

all thermocouple-based measurements under continuous fields,
viscous heating artifacts may affect the measurements; how-
ever, such measurements have been demonstrated to be more
repeatable than MR thermometry [19].

The phantom designed allowed for assessment of temper-
ature increase and localization of the treatment, through a
combination of both; thermocouple readings at specific points,
providing accurate feedback of the temperature through-
out the exposure and cooling phases, and a thermochromic
TMM, providing verification of the exposure localization.
The results of this work contribute toward increasing confi-
dence in the delivery of hyperthermia treatment to superficial
tumors.

A clear advantage of the work presented herein is the
fully characterized nature of the system combined with the
unique phantom device, encompassing both thermocouples
and thermochromic material to monitor exposure and its
distribution, both throughout and after the treatment, thus
providing a high level of confidence in the application of
the treatment itself. The frequency of the transducer used in
this system makes it suitable for superficial sites; however, the
transducer may need to be substituted for lower frequencies
for sites at greater depths [8].The system allowed control of
the exposure based on temperature measured within adjustable
limits, increasing or decreasing the delivered voltage to the
transducer depending on the measured voltage compared to
these limits. For all exposures present here, the target tem-
perature was 43 °C, which is generally accepted to be the
target for hyperthermia treatment and was in the sensitive
range for the thermochromic ink, which was used in the
thermochromic layer of the phantom. This target tempera-
ture could be adjusted for different applications if required
and a different ink used in the thermochromic material, for
example, that used in [15], where the material was sensitive
from 52.5 °C.

Occasionally, the temperature increased above or decreased
below the limitations set in the code when read by the
thermocouples; at this point, the system would adjust the
voltage to realign the exposure to deliver the required power.
Any deviation from the target temperature could be further
refined in three ways: 1) by reducing the range of accept-
able temperatures; 2) by increasing the frequency of the
temperature readings; and 3) by decreasing the voltage step
applied when adjustments are implemented to the exposure.
An initial buffer of, for example, 30 s in which the voltage
is not adjusted, can also prevent any initial overshoot of
the target temperature. Such adjustments to the parameters
of the exposure could be made depending on the require-
ments of the exposure in question. The above disadvantages
might be overcome through the use of proportional-integral—
derivative (PID)-based temperature control, which has been
used in the literature for hyperthermia systems before [21],
potentially achieving a finer control. The data presented here
demonstrated sufficient control for the requirements of this
work.

The system was developed with the view to be fully charac-
terized and validated at bench level. The work presented here
demonstrated this through characterization of the transducer
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and measurements with a phantom test object specifically
designed for this purpose. The phantom design could be
implemented for testing other such systems or the ink used
in the thermochromic material could be substituted depending
on the target temperature for thermal therapy systems designed
for other applications. The hyperthermia delivery system was
designed with small animal use in mind. The system was
validated on a newly designed phantom. Future work will
include implementing the system in a small animal study
with the view to contributing to radiotherapy coupled with
hyperthermia studies.
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