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1. Introduction

Hyperthermia, which heats cancer tissue to around 43 °C, is an effective therapeutic
technique that is used with radiotherapy or carcinostatic procedures. However, the
regression mechanism and therapeutic effect on cancer tissue are not always clear when
heating is carried out independently. Moreover, some have expressed skepticism about the
clinical value of hyperthermia (Perez et al., 1989; 1991). One reason for this is that it is
difficult to heat a local region of a living body to the required temperature in clinical
experiments. Furthermore, it has been pointed out that it is difficult to perform non-invasive
and precise measurements of the temperature change inside a target object. Currently,
therefore, the effect of hyperthermia on cancer tissue in a living body cannot be accurately
evaluated and analyzed. Thus, unfortunately, it is sometimes concluded that hyperthermia
essentially has few therapeutic effects on cancer.

Hence, it is indispensable to develop an integrated system capable of both heating and
quantitative temperature monitoring (temperature measurement) under in-vivo conditions
in order to identify the factor that specifies the heat sensitivity of cancer tissue, to determine
the mechanism of thermal necrosis, and to achieve a completely non-invasive cancer
treatment.

Previously, various heat therapies have been proposed that apply wave energy from outside
the body to selectively and non-invasively treat localized cancers. Some of these non-
invasive methods involve the application of heat to object using dipole antennas (Turner,
1999; Wust et al., 2000) or patch antennas (Paulides et al., 2007a; 2007b) with different
amplitudes and phases, or high-temperature thermal ablation using focused ultrasound
(FUS) (Lynn et al., 1942; Hynynen et al., 2004; McDannold et al., 2006). Clinical experiments
utilizing both methods have been conducted and some good results have been obtained.
However, in the method that uses an array antenna, the localized heating of a deeper region
is difficult as a relatively larger region can be heated due to the limitations of the
electromagnetic wavelength, which, in principle, is determined according to the size of the
antenna. Another drawback of this method is that a water bolus is required to prevent
excess heating at the surface of the human body (Nadobny et al., 2005). On the other hand, it
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is difficult to apply the method that uses FUS to internal organs and tissues surrounded by
bones due to the limitations of the characteristics of ultrasound.

In order to non-invasively heat a deep region in a human body, we have proposed a heating
applicator that uses an electric field distribution generated by a reentrant cylindrical cavity
(Fig. 1), which is widely used in microwave devices, such as cavity-based transducers
(Tsubono et al., 1977), linear accelerators (Fujisawa 1958), and electron spin resonance (ESR)
spectrometers (Giordano et al., 1983). A reentrant cylindrical cavity is a resonator in which
inner cylinders (known as reentrant electrodes) are attached to the upper and lower sides of
a cylindrical cavity. Since an intensive electric field is produced in the gap between these
reentrant electrodes, a standing wave of the electric field distribution is formed in a heating
object when it is placed in this gap, allowing a deep region in a living body to be heated
effectively.

(b)
Fig. 1. Localized heating applicator based on a reentrant cylindrical cavity for abdominal
organs (a), and head and neck (b).

Through numerical and experimental analyses, we have already reported that localized
heating is possible with this method (Matsuda et al., 1988; Kato et al., 1989; 2003; Wadamori
et al., 2004). Moreover, in order to improve the therapeutic effects for a localized cancer, we
attempted to miniaturize the applicator (Ishihara et al., 2007a; 2008a), as well as optimize the
size of the applicator by using experimental design methods (Ishihara et al., 2008b). As a
result, we found that the electric field distribution generated between the reentrant
electrodes can be localized within a spatial region with a diameter of 70-90 mm. However,
when the subject of the treatment is a small cancer localized in the head or neck region, a
localized region with a diameter of 30-50 mm must be selectively heated; and thus the
heating characteristics achieved in the previous studies were still insufficient. To deal with
this issue, we proposed rotating the beam-shaped electric field distribution generated by the
reentrant cylindrical cavity, and showed that it is possible to produce focused localized
heating by concentrating the electric field distribution in the region around the rotating axis
(Ishihara et al., 2008c; 2009; Kameyama et al., 2008).

Thus, although investigations for heating systems are ongoing, the development of non-
invasive thermometry is progressing slowly. In most cases during hyperthermia, therefore,
only a thermocouple or an optical fiber type thermometer has been used to confirm the
heating and treatment effect.
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Recently, we proposed non-invasive thermometry using magnetic resonance imaging (MRI)
(Ishihara et al., 1992; 1995; Kuroda et al., 1996). The internal temperature change in the object
was imaged with a measurement error of less than 1 °C by measuring the water proton
chemical shift change observed with MRI. This procedure is performed with a therapeutic
device using the techniques mentioned above: focused ultrasound (McDannold et al., 2006)
and radiofrequency (RF) waves (Gellermann et al., 2006), as an almost standard non-
invasive temperature monitoring method during hyperthermia and cancer ablation
treatments. However, a large setup and expensive MRI equipment are necessary for
monitoring the temperature change.

Therefore, we focused on the changes in the electromagnetic field distribution inside the
heating applicator based on a cavity with temperature changes, and proposed a new non-
invasive thermometry method using the temperature dependence of the dielectric constant
(Ishihara et al., 2007b; 2007c; Ohwada et al., 2009). Using this concept, after measuring the
phase information of the electrical field inside a cavity spatially, an image of the
temperature change distribution inside a body is reconstructed by applying the computed
tomography (CT) algorithm (Gordon et al., 1970; Goitein 1972; Gordon 1974). Accordingly,
since it is easy to fuse this temperature monitoring method with a heating applicator based
on a cavity resonator, a novel integrated treatment system is achieved that treats cancer
effectively while non-invasively monitoring the heating effect.

By a numerical analysis using a three-dimensional finite element method (FEM) and an
experiment using the prototype heating applicator, this study demonstrated the possibility
of focusing the electric field distribution by rotating the reentrant cylindrical cavity. The
results indicated that when the beam-shaped electric field distribution formed in the
reentrant gap was rotated, the heated region became more focused as compared to that
without rotating the applicator. In addition, the reconstruction algorithm for the
temperature change distribution is discussed in this paper and the efficacy of this method is
shown by numerical analyses.

2. Localized heating method

2.1 Principle of the heating system with a reentrant cylindrical cavity

The principle of the heating applicator based on a reentrant cylindrical cavity is explained
by the schematic diagram shown in Fig. 2. In this applicator, the reentrant electrodes are
attached to the upper and lower sides of a cylindrical cavity. The RF power required for
heating is supplied by the loop antenna attached to the upper surface of the cavity, and the
characteristic electromagnetic field distribution is formed in a cavity resonator. This field
distribution can be explained and compared with that of the conventional radio frequency
(RF) capacitive heating system that is commonly used in clinics by using Fig. 3.
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Fig. 2. Electromagnetic field distribution in a reentrant cylindrical cavity (a), and the setup

for a heating target (b).
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Fig. 3. Comparison of electric field distributions in a heating object between traditional
capacitive heating system (a) and reentrant cylindrical cavity (b).

In an RF capacitive heating system, the electric field distribution is uniform between the
electrodes along both the radius (r) and longitudinal (Z) axes; this distribution is expressed
by Laplace’s equation. Hence, not only the cancer tissue but also the healthy tissues located
between the electrodes might become heated. In addition, the electric field tends to
concentrate at the ends of the electrodes, and hence the tissues in these areas may be heated
excessively; therefore, a water bolus is required to cool the surface of the human body in
many cases during treatments. On the other hand, the electromagnetic distribution inside a
cavity resonator is expressed by the Helmholtz equation (Eq. (1)). Further, when an
electromagnetic distribution is formed inside a reentrant cylindrical cavity resonator with
the lowest resonant mode, the electric field distribution is concentrated in the gap between
the reentrant electrodes.
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AE +k2E=0
AH +k2H =0 1)
k2 =w2cu

Here, A represents the Laplacian; E, the electric field vector; H, the magnetic field vector; o,
the angular frequency (rad/s); & the complex dielectric constant (F/m); and u, the
permeability (H/m). With this heating system, a standing wave will be generated and
concentrated between the reentrant electrodes; further, the electric field strength is the
highest at the center of the electrode, and decreases rapidly along the r-direction. In addition,
since a standing wave of the electric field distribution is also formed in a heating object
when it is placed between the reentrant electrodes, the electric field at the midpoint between
the electrodes along the Z-direction will also be higher than that closer to the electrodes,
unlike RF capacitive heating systems. Thus, by placing a treatment region between the
reentrant electrodes for treatment, a deep lesion in a human body can be heated locally,
noninvasively, and without contact. By using such a heating system, we confirmed that not
only agar phantoms (cubical, oblate spherical, and human-like in shape) but also a dog brain
could be heated locally (Kato et al., 2003; Wadamori et al., 2004; Ishihara et al., 2008b).

2.2 Focusing the electric field by rotating the applicator

If the electric field distribution between the reentrant electrodes can be further localized, it
will be possible to achieve more localized heating compared to the use of the current
applicators. To achieve this, we proposed a method that involves the loading of dielectrics
between the reentrant electrodes and a target object, like an electric field absorber (Kroeze et
al. 2003), and showed that this method is useful to narrow the electric field distribution and
improve the localized heating characteristics, particularly along the r-direction of the
applicator (Ishihara et al., 2008d). However, by loading dielectrics, the electric field
distribution generated inside a target object became beam-shaped; thus we found that the
convergence of the electric field in the Z-direction was more difficult than that in the r-
direction due to the formation of this beam-shaped electric field distribution in the Z-
direction.

Here, therefore, we propose that the rotation of such a beam-shaped electric field
distribution would make it possible to focus the electric field distribution in the region
around the rotating axis that is common to the rotating beam-shaped electric field
distribution (Ishihara et al., 2008c; 2009; Kameyama et al., 2008). Fig. 4 shows a conceptual
schematic image of a rotatable heating applicator.
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Rotatable reantrant
cylindrical cawity

Fig. 4. Concept of a rotatable heating applicator to localize the electric field distribution at
the center of a heating target.

3. Non-invasive temperature measurement method

3.1 Measurement of the phase information of the electromagnetic field

Even if non-invasive heating can be achieved, a temperature probe would need to be
inserted into the heating target region to measure the temperature change. We therefore
considered the temperature dependence of a dielectric constant. For example, the
temperature dependence of pure water is given by Eq. (2) (Buckley et al., 1958), allowing the
resonant frequency change due to the change in this dielectric constant with temperature to
be detected.

&=8774-040T+940x104T2-141x10-6 T3 (2)

Here, T represents a temperature (°C). The dielectric constant of a target material is
measured based on the resonant frequency change due to its temperature dependence by
using the cavity resonator in the field of material analysis (Pointon et al., 1971; Karikh 1977).
However, since it is necessary to measure a frequency change of only tens of kHz, in
contrast to a resonant frequency of hundreds of MHz, such a measurement is dramatically
difficult when a living body is the target. In such cases, the frequency change with
temperature is not measured directly and spatially, but the phase change due to a frequency
change may be detected. Thus, the minute frequency change with temperature is detectable
as an expanded phase change, that is, A0, by adjusting the observation time (time delay from
when an external electromagnetic wave is applied) for the electromagnetic waves, as
expressed in Eq. (3). Accordingly, it is expected that the dynamic range of the detectable
temperature change can be improved.

AO(T(r)) = 2t[{(T(r)) = ATo(r)))taetay 3)

Here, Ty represents the reference temperature (°C); r, the spatial vector; and f4ay, the time
delays from the reference time (s).
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3.2 Introduction of the CT algorithm

Here, electromagnetic waves can be observed only outside the target body. Therefore, it is
necessary to estimate the phase change distribution inside a target body and convert this
phase change to a temperature change. An example of such an application is the concept
that is illustrated in Fig. 5. The phase change distribution of the electromagnetic waves
formed between the reentrant gaps is mainly distributed in the direction parallel to an
electrical field, which will be shown later. In this case, the projection data reflecting the line
integral value of the phase change distribution along the electrical field is similar to the
projection data showing X-ray absorption in the case of X-ray CT. Therefore, it is believed
that the phase distribution within an object can be estimated by rotating a cavity resonator,
in contrast to that obtained in an object with the X-ray CT shown in Fig. 6. We then indicate
that the CT algorithm based on the back-projection could be applied by considering the
characteristics of the electrical field formed between the reentrant electrodes and the
temperature dependence of the dielectrics. In order to evaluate this possibility, a numerical
analysis using the finite difference time domain (FDTD) method was carried out and a basic
examination of thermometry, which can be easily fused with a heating applicator based on a

cavity resonator, was performed.
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Fig. 5. Phase change distribution before and after the temperature change in a cavity
resonator.
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Fig. 6. Reconstruction of a phase change distribution from the projection data by introducing
the CT algorithm.
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4. Materials and Methods

4.1 Localized heating

4.1.1 Numerical analysis of focused electric field and temperature distributions

To confirm the electric field focusing effect achieved by rotating an applicator, we analyzed
the electromagnetic distribution in a reentrant cylindrical cavity model (applicator height:
950 mm, outer diameter: 400 mm, reentrant diameter: 50 mm, and reentrant gap: 350 mm),
which is shown in Fig. 7, using a three-dimensional FEM with 15,000 nodes and 1,000
elements. We assumed that the applicator container was an ideal conductor, and an element
region corresponding to this assumption was considered to be the perfect electric conductor
(PEC) by applying boundary conditions. The size of this model was determined according
to our prototype applicator (Ishihara et al.,, 2009). The target object was a cylindrical
phantom with a radius of 160 mm and a height of 160 mm, and we selected a relative
permittivity of 63 and an electric conductivity of 0.47 S/m assuming cerebral hyperthermia
treatment (Hartsgrove et al., 1987). After the resonant condition inside the cavity was
analyzed when the phantom was loaded between the reentrant electrodes, the
electromagnetic distribution was calculated.

_-/{1;

Phantom

950
350

Reentrant
cylindrical cavily

4 50 )
400  [mm]

Fig. 7. Numerical heating applicator model with FEM.

The focusing effect of the electric field distribution was evaluated by the full width-half
maximum (FWHM) of the normalized SAR distribution along the r- and Z-directions of the
phantom inside the applicator.

After obtaining the electromagnetic fields inside the cavity resonator, we calculated the
temperature distribution in the phantom based on the coupled analysis of the heating
distribution due to the electromagnetic distribution using the three-dimensional FEM with
the same model. In this study, it was assumed that the electric field distribution applied to
the inside of a phantom did not change at each direction with an applicator's rotation. Then,
the SAR distributions formed for each angle of the applicator were overlapped as a heating
source, and the temperature distribution was analyzed. The RF power was set up so that the
SAR at the center of the phantom became 20 W/kg, and this power was supplied to the
phantom from five directions spaced 45 degrees apart with a heating period of 4 minutes for
each direction. A comparison with the temperature distribution in the case where the
applicator does not rotate (the total heating period was 20 min) was performed. Table 1
showed the values for the thermal parameters of the phantom (Hamada et al., 1998) used in
the temperature distribution analysis.
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Heat conductivity [W/m(m K)] 0.55
Specific heat U/ (kg K)] 4200
Coefficient of heat transfer [W/(m? K)] 20
Volume density [kg/m?3] 980

Table 1. Heat characteristics of the phantom.

4.1.2 Experimental evaluation of the localized heating effect

To experimentally confirm the focused electric field distribution by rotating a cavity
resonator, we developed the prototype system shown in Fig. 8 and performed a phantom
experiment. This heating system consists of a reentrant cylindrical cavity, impedance-
matching circuit (NCS-04A and NMO1A200M-01; Noda RF Technologies, Suita, Japan),
power amplifier (BSA 0125-250; BONN Elektronik, Ottobrunn, Germany), and signal
generator (E4430B; Agilent Technologies, Santa Clara, CA, USA). To efficiently transmit the
RF power to the cavity resonator, we measured the resonant frequency using a network
analyzer (E5061A; Agilent Technologies, Santa Clara, CA, USA), and then the matching
circuit was adjusted before the RF power was fed. However, since the matching conditions
changed with the rotation of the applicator, the frequency of the applied RF power and the
matching conditions at a given angle needed to be re-adjusted with rotation. A cylindrical
phantom with a radius of 160 mm and a height of 160 mm (agar: 4%, NaCl: 0.24%, and
NaNG3: 0.1%) was fixed on a Teflon table set at the center of the applicator. The electric field
strength around the sides of the phantom was measured using an electric field intensity
meter (EMR-20; Narda Safety Test Solutions, Pfullingen, Germany); further, the RF power
supplied to the applicator was adjusted (20-50 W) so that the SAR value at the center of the
phantom was approximately 20 W/kg. To evaluate the heating characteristics, the
temperature distribution on a cross-section of the phantom was measured immediately after
heating using thermography (TH7102MX; NEC Avio Infrared Technologies, Tokyo, Japan),
with a temperature resolution of 0.1 °C and an accuracy of +0.25 °C.

4-"’- —

Fig. 8. Experimental system stup to confirm a focusing effect by rotating an applicator.

4.2 Non-invasive temperature measurement

4.2.1 Numerical model on FDTD

In order to analyze the changes in the transitional electromagnetic field distribution, a three-
dimensional FDTD method was used. In this basic examination, the numerical calculation
was carried out using a rectangular cavity resonator (1.0 x 1.0 x 1.0 m), since such an
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analysis was simple, and the electrical field distribution between the reentrant electrodes in
the reentrant cylindrical cavity could be simulated with this rectangular cavity resonator. A
cubic solid phantom (0.2 x 0.2 x 0.2 m) was placed in the center of a rectangular cavity
resonator, as shown in Fig. 9.

F

o . Phantom .,

Excitation

™~

SOUrCE 2 :@if ;
\. T A m
& |

L =" Y

1.0

@ )
Fig. 9. Numerical rectangular cavity model for FDTD shown in a perspective diagram (a)
and front elevation (b).

In order to increase the analysis accuracy using the FDTD method, the smaller cell size used in
this analytic model was preferable, but since the computational resources and computation
time required for a simulation become huge when there are a large number of cells, it was
necessary to choose an adequate number of cells. Therefore, the resonant frequency estimation
error for the number of cells used for the resonator was evaluated in advance, and 95 x 95 x 95
cells were chosen for the abovementioned model, which could achieve a resonant frequency
estimate with an error of 0.5% or less. Moreover, the number of cells used for a phantom was
set to 19 x 19 x 19. The values shown in Tables 2 and 3 were used as the dielectric constant,
conductivity, and permeability for each part. The temperature dependence of the phantom
was set to the value of pure water, as shown in Eq. (2).

Parameters Air Phantom Cavity
Permittivity [F/m] 1.00059¢, Ref. Table 3 1.00059¢
Permeability [H/m] 1.000004, 0.99999%, 0.999981¢
Electric conductivity [S/m] 0.0000 0.0005 6.1000x107

Table 2. Electromagnetic characteristics for FDTD.

Temperature [°C] Permittivity
[E/m]
38.0 73.81600¢,
43.0 72.16600¢,

Table 3. Permittivity with temperature of phantom.

Since the electrical field component Ez parallel to a reentrant electrode (called the TM010
mode) was formed in the abovementioned heating applicator shown in Fig. 2, in order to
achieve an equivalent electric field distribution in a rectangular cavity resonator, the
excitation source expressed with Eq. (4) was used. By applying this exciting pulse, the
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electric field distribution Ey was formed in the perpendicular direction of a rectangular
cavity resonator (called the TE101 mode). Then, the phase change distribution on the x-y
plane parallel to an electric field vector was observed.

H,(t) = A exp{-[(t -Ts)/0.29T]?} sin(27fyt) 4)

Here, Tp = 0.646/fz, fs represents the excitation frequency band (Hz), A is the amplitude of
the excitation pulse, and fj is the resonant frequency (Hz).

4.2.2 Numerical analysis of the phase change distribution

The phase change distribution with temperature (38-43 °C) was computed. In this study, the
time delay from the reference time was set at around 200 ns, which provided a high
sensitivity for detecting a phase change with temperature.

In order to estimate the temperature distribution inside a phantom using just the phase
distribution of the external region, projection data for 32 directions were prepared from the
phase distributions calculated for the rectangular cavity resonator, which rotated in 11.25
degree steps. The projection data for each column were determined as integrated values of
the phase change along a projection direction (y-direction) within the line integral range
shown in Fig. 10; however, the phase changes within the phantom region were not
integrated into the projection data. The phase change distributions inside a phantom with
temperature changes were reconstructed by a simple back projection and a filtered back
projection with a Shepp-Logan filter (Shepp et al., 1974).

2N

q‘cé't \\‘\ Ranguarbn: Irtegration
\\
ﬁ\

] sl

% Phantom

a

Fig. 10. Integration region to determine projection data (in a case where the applicator angle
was 45°).
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5. Results and discussion

5.1 Localized heating effect by rotating the applicator

The results of electromagnetic field and modal analyses showed that the electromagnetic
field distribution in the reentrant cylindrical resonator shown in Fig. 11 had a resonant
frequency of 226.5 MHz. Fig. 12 shows the normalized SAR distributions at the central plane
(r-Z plane) of the phantom. The FWHM in the r and Z directions were 60.0 mm and 101.2
mm, respectively. When considering the normalized SAR distribution in the Z-direction, the
convergence of the electric field in the Z-direction is more difficult than that in the r-
direction without rotating the applicator.

E field

E field
1.0

(b)

distribution inside an applicator (a), and a

Fig. 11. Numerically simulated electric field

phantom (b).
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Fig. 12. Normalized SAR distribution in the r (a) and Z (b) directions.

Therefore, we evaluated the focusing effect by rotating the beam-shaped electric field
distribution, and showed the temperature distribution of a cross-section (r-Z plane) at the
center of the agar phantom with and without rotation of the applicator, as shown in Fig. 13.
We evaluated the heating region by the FWHM of the temperature distribution and
confirmed that the localized heating region could be improved by approximately 16% by
rotating in the Z-direction; the FWHM was 107.1 mm without rotating the applicator, while
it was 92.5 mm when the applicator was rotated (Fig. 14).
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(@) (b)
Fig. 13. Temperature distributions of a cross-section at the center of the phantom without
rotation (a) and with rotation (b).
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Fig. 14. Temperature profile along the r (a) and Z (b) directions normalized with the
maximum temperature corresponding to that shown in Fig. 13.

In addition, Fig. 15 shows an example of a fundamental experiment to confirm the
possibility of focusing the electric field distribution by rotating the applicator. These
temperature distributions show a cross-section (r-Z surface) at the center of the agar
phantom with and without rotation of the applicator with an incident RF power of
approximately 25 W, which corresponds to an SAR of 20 W/kg at the object center and a
total heating period of 20 min. Fig. 16 shows the temperature distribution along the r and Z
directions. These figures indicate that the results of the numerical analysis and those
obtained in the experiment were almost identical. From these experimental results, we
evaluated the heating region by the FWHM of the temperature distribution and confirmed
that the localized heating region could be improved by approximately 21% by rotating an
applicator in the Z-direction; the FWHM was 101.2 mm without rotation, while it was 83.7
mm when the applicator was rotated.
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160 mm
(a) (b)
Fig. 15. Temperature distributions of a cross-section at the center of the phantom without
rotation (a) and with rotation (b).
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Fig. 16. Temperature profile along the r (a) and Z (b) directions normalized with the
maximum temperature corresponding to that shown in Fig. 15.

These results indicated that the heating region was focused in the Z-direction, although the
narrowing effect degrades in the r-direction due to the averaging of the electric fields by the
rotation of the heating region. One idea is to focus such a narrowed electric field distribution
in the Z-direction after narrowing the electric field distribution in the r-direction by loading
dielectrics (Ishihara et al, 2008d). In addition to this complementary procedure,
miniaturizing the diameter of the reentrant electrodes is another potential way to greatly
improve the localized heating characteristics. However, since the narrowing effect of the
electric field in the r-direction and the concentration effect of the electric field in the Z-
direction have a trade-off relationship, it is necessary to optimize these parameters, taking
into consideration the rotation of the applicator.

By using the abovementioned methods and optimizing both the size and rotation conditions
of the heating applicator, we could predict that the localized heating region would be an
area with a diameter of 50-60 mm.

5.2 Noninvasive temperature measurement

When a temperature change of 5 °C (from 38 to 43 °C) was generated in the phantom, there
was a phase change in the electric field formed in the rectangular cavity resonator (tiea, =
200 ns), as indicated in Fig. 17. According to this figure, the phase change with temperature
was produced mainly as a distribution along the electrical field direction (y-direction in Fig.
18(b)), corresponding to the region at which the temperature change was produced
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compared with the direction (x-direction in Fig. 18(a)) perpendicular to the electric field. It
was confirmed that such behavior for an approximate distribution did not change when the
applied field direction was changed by rotating the cavity resonator, as shown in Fig. 19.
Then the phase projection data in the direction of the electrical field were computed
according to the line integral, as in the X-ray CT mentioned above, and the phase change
distribution within the target object was estimated.

A0 [
{NF )
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(L

1[931)1.{-
Fig. 17. Phase change distribution with temperature change from 38 to 43 °C at the center of
the x-y plane.

b} — 1] - =
- |y

&0 - Al ey
o ,r}.I n — A = i
B ] 23 Bt
— \ - 43Y -
‘l‘qn ‘J J Pyt mgerf
2 _— | oo
@ ]
= A0
o g e Fradr reg

20 25

2] 0 0 i ] 0 B 0 D &0 o 10 N 20 a0 L] 50 " T a0 [£]
x (number of cell) ¥ (inumber of cell)

(a) (b)
Fig. 18. Phase change distribution with temperature change from 38 to 43 °C along the x (a)
and y (b) directions on the center x-y plane.
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Fig. 19. Phase change distribution with temperature change from 38 to 43 °C at the rotation
angles of 0 degree (a) and 45 degrees (b) at the center of the x-y plane.
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Fig. 20 shows the reconstructed phase change distributions with a simple back-projection CT
algorithm when the number of projections was 32. As anticipated, the surroundings of the
reconstructed phase change distribution were blurred due to the point spread function of
the simple back-projection. Therefore, in order to compensate for such broadening of the
phase distribution, a filtered back projection with a Shepp-Logan filter was applied to the
projection data (Fig. 21). As a result of this filtering, the reconstruction error due to image
blurring was reduced by approximately 60%. Although degradation of the spatial resolution
resulting from the broadening of the phase distribution was mentioned as a problem under
the current circumstances, and an evaluation of the thermometry accuracy was difficult due
to the still large image blurring, it was shown that the detection of a 1 °C temperature
change, which is required of hyperthermia (Delannoy et al., 1991), can be sufficiently
measured by the phase change with temperature. However, since it is expected that the
temperature dependence of a dielectric constant changes with tissues (Jaspard et al., 2002),
for clinical application it will be necessary to devise a method to convert from a phase value
to temperature and to evaluate the measurement error generated in the required
temperature range.

1 10 20 30 40 &0 60 TO HO 9085

Fig. 20. Reconstructed phase change distribution with a simple back projection.

_—
1 10 20 30 40 /O 60 70 80 9095

Fig. 21. Reconstructed phase change distribution with a Shepp-Logan filter.

In addition, the reconstruction error regarding the detected position was evaluated when
the measurement subject was shifted from the center position of the cavity resonator. Fig. 22
shows the reconstructed results with the simple back projection and filtered back projection
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methods, respectively. When the shifted distance of a phantom was set at 4.21 cm (which
corresponded to 4 cells of the FDTD numerical model), the detected distance from the
reconstructed phase distribution with a simple back-projection was 5.15 c¢cm, which
corresponded to a relative error of 23.3% compared to the true value. In contrast, the
detected distance from the reconstructed phase distribution with a filtered-back-projection
was 4.69 cm, which corresponded to a relative error of 11.3%. Consequently, it became clear
that the position of a heating region was detectable with this method, with an accuracy
corresponding to a spatial resolution of one or less cell. Conversely, since this detection
accuracy may be restrained by the size of the cell used with this FDTD, it is necessary to
investigate spatial resolution while including other factors in the future.

@ 0
Fig. 22. Reconstructed phase change distributions by a simple back projection (a) and
filtered back projection (b) when the phantom position was shifted from the center of the

cavity resonator.

6. Conclusions and Future Research

A heating region with a diameter of approximately 85-90 mm was obtained by rotating a
beam-shaped electric field distribution. This corresponded to an improvement in the heating
region of 15-20%, compared to a case in which heating was carried out without rotating the
applicator. Although this is insufficient to heat a cancer localized in the head or neck region,
such a heating method has the potential of achieving a heating region with a diameter of less
than 50 mm by optimizing the beam-shaped electric field distribution and rotation
conditions. However, further improvement in the localized characteristics may be difficult
due to the restrictions of the trade-off between the convergence of electric fields in the r and
Z-directions.

On the other hand, it is possible to achieve more localized heating by noninvasive real-time
temperature measurement and active temperature control since the heat source generated
by the heating applicator based on a reentrant cylindrical cavity indicates an approximately
concentrated spherical distribution whose intensity is maximum at the center of the heating
target body. Since the proposed method to measure temperature distribution from the
information on the electromagnetic waves inside a cavity resonator can be easily embedded
in our heating applicator, a novel cancer treatment system that combines the localized
heating of cancer with non-invasive temperature monitoring can be established.
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Consequently, a cancer treatment for a lesion with a diameter of approximately 30-50 mm,
which is required to heat a cancer localized in the head or neck region, can be achieved.
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