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Waveguide Applicator for Deep
Regional EIyperthermia “

SHIZUO MIZUSHINA, MEMBER, IEEE, YONG XIANG, AND TOSHIFUMI SUGIURA

.4/Mtract —A large waveguide applicator is proposed for deep regional

hyperthermia, where a part of a patient’s body is exposed to the TE lo -mode

waves in the rectangular wavegnide through the holes made to fit the body

cross section in the broad watls. The electric field and the specific

absorption rate dktribution produced by the applicator in a reatistic model

of a human body cross section calculated by a two-dimensional (2-D)

numerical method are given.

I. INTRODUCTION

H

YPERTHERMIA as a treatment for cancer has been

a subject of intensive studies for the last several

years, and a large amount of biological and clinical data

demonstrating its effectiveness has been accumulated [1],

[2]. However, further progress appears to depend strongly

on the development of equipment for regional deep heating

and for thermometry in a human body. Developing new

equipment is difficult because the problems involved stem

to a large part from the physical properties of biological

materials and systems. Nevertheless, a number of tech-

niques have been developed for the electromagnetic energy

deposition for deep heating: annular phased array [3],

ridged waveguide applicator [4], coaxial TEM applicator

[5], phased multiple-dipole applicator [6], [7], and capaci-

tive applicator [8], [9].

In this paper, a large waveguide applicator [10] is pro-

posed for deep regional heating. ln addition, a numerical

example of specific absorption rate (SAR) distribution

produced by the applicator in a realistic model of a human

body cross section is given.

11. LARGE WAVEGUIDE APPLICATOR

A proposed large waveguide applicator is depicted in

Fig. 1, where a part of a patient’s body is exposed to the

TEIO-mode waves traveling in opposite directions. The

waveguide is assumed to be filled with air in the present

discussion, but may be filled with an appropriate dielectric

material, The holes in the broad walls of the waveguide can

be fitted to the patient’s body. A frequency between 25 and

100 MHz is used for heating, depending on the size of the

patient’s body. The selection of frequency is made by

considering the resultant electric field pattern in the body,

which is the result of competition between the large at-
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Fig. 1 A large waveguide apphcator.

tenuation and interference of the waves in the body. Since

the applicator has an almost closed structure, any desired

frequency consistent with waveguide propagation of TEIO-

mode can be used for heating without an external shielding

arrangement.

III. TWO-DIMENSIONAL ANALYSIS

In the following analysis, the large waveguide applicator

is replaced with a model shown in Fig. 2: a waveguide with

no holes in the broad walls with a lossy dielectric cylinder

at its center. The field analysis then reduces to a two--

dimensional (2-D) one, and the electric field is obtained by

solving the following integral equation [11]:

Ez(x, y)= E;(x, y)+jLr60 j-f{% -l}~z(x’o’)
-G(x, ~lX’, y’) dx’dy’ (1)

where E= ( x, y) and E;(x, y) are the total and the incident

fields, respectively, and c.(x, y) is the complex relative

dielectric constant which is a function of position. Since

only the z-component of electric field is excited, the rele-
vant Green’s function can be given by [12]

().sin~ x’+ ~ exp{–rPly–y’l} (2)

where

‘P=[(:)’-k’l’”
k.= U&
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Fig. 2. A two-dimensionaf model of the large waveguide applicator and

the coordinate system used in the analysis.

and a is the width of the waveguide. When the incident

fields Ej and E: are symmetric with respect to the

coordinate origin, referring to Fig. 2, the resultant field

E;(x, y) can be written as

E;(x, y) = 2A COS; COSB10Y (3)

where

and A is the amplitude of the one side incident field.

Substituting (2) and (3) into (1) and using the numerical

method developed by Borup and Gandhi [13], [14], we can

solve (1) for E=(x, y). After dividing the dielectric cylinder

into small cells measuring Ax and Ay using an N X M

square grid, one can convert (1) into a numerical expres-

.[K1(n-i,ln- j)+ K2(rZ+i,17Z -j)] (4)

with

K’l(n-i, m-j)

“12[1-ex+rp:)l

Zexp(– rpI~ – ~lAY

and

K2(?r+i, nz-j)

Ay
sinh .17—,

,2

~=j

m+j

(5)

m=j

“\ Ay
2exp(– I’plm-j] Ay)sinh Tp~, m+j

(6)

In the right-hand side of (4), the first term is a 2-D

convolution of {~, – 1} E, and KI and the second term

consists of a cross correlation for x, and a convolution for

y, of {c, – 1 } E, and K2, and can be computed efficiently
by use of the FFT algorithm, as pointed out in [13].

A system of equations (4) written down for all the cells

forms a matrix equation of the form

E,= E: i- KDEZ (7)

where D is a diagonal matrix representing {c, – 1} for all

the cells and K is a matrix containing the elements K =

K1 + K2. K1 and K2 are, in turn, defined by (5) and (6).

Equation (7) is then solved by using the conjugate gradient

method (CGM) as described in [14]–[16].

The specific absorption rate (SAR) is then computed by

SAR=::IEZ12 (8)

where u and p are the conductivity and the density of the

dielectric material. The density p is assumed to be one in

this paper.

IV. NUMERICAL RESULTS

The SAR distribution in a dielectric circular cylinder

which has muscle-like properties and a diameter of 40 cm

placed at the center of a 6-m-width waveguide was calcu-

lated. A SAR pattern for two-side TEIO illumination (A=

1 V/m) at 40.68 MHz is given in Fig. 3, where the vertical

axis represents relative SAR values normalized by its maxi-

mum value (3.13 X 10-5 W\kg) in the cylinder. The pat-

tern shows the interference effect near the center which is

masked by large attenuation. The competition between the

interference and the attenuation in a biological body can

be controlled by the selection of frequency. Fig. 4 sh~ows

SAR distributions along the x-axis and the y-axis for

illumination at 27.12, 40.68, 50, 100 MHz, suggesting that

a frequency between 25 and 40 MHz would be practical for

deep heating of a 40-cm diameter body. The dielectric

properties of muscle at these frequencies used in the above

computation were taken from [17], [18]. For comparison,

similar calculations were made for the case of plane wave

illumination from two opposite sides. Results showed that

SAR distribution patterns were nearly the same for the

plane wave and the TEIO-wave illumination cases.

Another numerical example was worked out by using the

human body cross section shown in Fig. 5. In order to

facilitate comparison with the previously published result

for plane wave illumination in [13], the same drawing [13,

fig. 5] is used here. The results are given in Figs. 6 and 7.

The electric field distribution is smooth, as it should be for

the 2-D case where the electric field is parallel to the

boundaries, in spite of the inhomogeneity in the dielectric
properties over the cross section. The corresponding SAR

distribution is given in Fig. 7, which reflects the inhcJmo-

geneity in the tissue conductivity o over the cross section.

The results shown in Figs. 6 and 7 indicate that it is

possible to deposit a sufficient amount of electromagnetic

energy for hyperthermia in high-conductivity regions (deep
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Fig. 3. SAR distribution in a circular cylinder having muscle-like dielectric properties and a 40-cm diameter at the center of a

6-m-wide waveguide. The cylinder is illuminated by TEIO incident waves from both sides.
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Fig, 5. A seven-tissue model of a human body cross section. The
drawing is taken from [13] (~ 1984 IEEE).

in a body, without inducing excessive heating near the

periphery by the large waveguide applicator operated at a

frequency around 40 MHz. two-dimensional model of the proposed applicator. Results

V. CONCLUSIONS
of the analysis show that the deposition of large amounts

of energy in high-conductivity regions deep in a body is

This paper proposes a large waveguide applicator for possible without an excessive peripheral energy deposition

deep regional heating. The numerically efficient method by the use of the applicator. Because the applicator has an

based on the FFT and the CGM is used to analyze a almost closed structure, it can be operated at any frequency
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appropriate for deep heating, provided that it is in the

TEIO-mode propagation range, without an external shield-

ing arrangement.

Using the results of 2-D field analysis, a thermal analysis

is underway to estimate the temperature distribution in a

body. In addition, an extension of the field analysis to the

three-dimensional case seems possible in view of the avail-

ability of the necessary Green’s function for the rectangu-

lar waveguide [19], [20]. We also plan to experiment on the

applicator at around 40 MHz. Our plan includes the devel-

opment of a frequency tunable source and a method of

controlling bidirectional excitation.
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