
532 lEEF TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL MTT-34, NO 5, MAY 1986

An Optimal Excitation Method in
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,4fi.stract —A method is proposed for determining the excitation ampli-

tude and phase of each applicator in electromagnetic multi-applicator

systems for forming a narrow fdgh temperature zone inside the human

body. The principal advantage of this method for determining the optimal

amplitudes and phases is its simplicity and reasonableness. The general

principle is explained by using the example of an elliptical body region,

heated by several line current sources placed outside the body.

Numerical examples are presented for the case where a human abdomi-

nal region composed of muscular and spinal layers surrounded by a cooling

water layer is excited by several line sources at 40.68 MHz.

I. INTRODUCTION

F OR THE EFFECTIVE hyperthermia treatment, it is

necessary to focus heat energy on a small region around

the tumor to be treated. Developing a suitable apparatus

for this purpose has become an interesting problem in

biomedical engineering. When tumors are seated deep in-

side the human body, it is impossible, in practice, to

concentrate heat energy just around the tumor region by a

single applicator. Thus, the idea of using multiple applica-

tors, or an electromagnetic multi-applicator system, is nat-

urally reached [1]–[4]. There is, however, an inherent prob-

lem such that the electromagnetic energy cannot penetrate

deep if the frequency is not sufficiently low, meanwhile if

the frequency is low the focusing ability will be greatly

reduced. This ‘dilemma’ would be very difficult to over-

come if we desire to create extremely narrow heating spots

for deep-seated tumors. Thus, an alternate solution to this

problem would be to form a hot “zone” around the tumor

region, particularly in anticipation of the fact that the

tumor tends to absorb more heat energy than the normal

tissue because of sluggish blood flow. Even then, remain

the problems of what energy distribution patterns we should

aim at and how we should determine the excitation ampli-

tudes and phases, and the location of applicator elements.

It is not a trivial problem to determine the optimum

combination of these parameters, particularly when the

number of applicators increases. Arcangeli et al. [5] have

Manuscript received June 22, 1985; revised October 12, 1985,

The authors are with the Department of Communication Engineering,
Faculty of Engineering, Osaka University, Sulta-shi, Osaka 565, Japan,

IEEE Log Number 8607840.

presented a direct optimization method for focusing 915-

MHz electromagnetic power on deep-seated tissues in the

chest region. Although this direct method is apparently

reasonable and promising, the method leaves difficult

problems such as the limitation in the depth of the focal

position and the uncertainty as to the generality of the

optimized solution.

This paper proposes a simple method of determining the

optimal excitation amplitudes and phases of the applicator

elements, for forming a hot zone around the tumor region.

The main point of this method is to determine the ampli-

tude and phase by means of the process of minimizing the

norm of the difference between the resultant field distribu-

tion and the desirable field distribution for the chosen

frequency [6]. The obtained energy distribution patterns

may only be moderately focused but these are the best

patterns we could attain.

II. BASIC PRINCIPLES

The human body is considered to be a lossy dielectric

object electrically consisting of mainly two kinds of

medium, that is, tissues of high water content (high loss)

and low water content (relatively low loss). The magnitude

of heat source causing the temperature rise is directly

proportional to the electromagnetic power loss. Therefore,

to study the problem in detail we must first solve the

electromagnetic boundary value problem of dielectric ob-

jects with some sources placed near them. Since the fields,

whose electric field is tangential to the boundary interface

between two media of different dielectric constants can

smoothly penetrate its boundary [7], the applicators’ radiat-

ing fields with the electric field polarized in the axial

direction seem to be suitable for deep heating the inside of

an elliptical shaped region of the body such as the abdomi-

nal region. Taking these facts into consideration, we ex-

plain the principle of present method by assuming that

axially directed line-current sources are placed around a

cylinder of abdominal cross-sectional shape.

Let the current source ii produce the electric field distri-

bution el(p ) (p; position vector) in the abdominal cross

section, and E(p) be the total electric field distribution
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produced by all sources, that is,

M

E(p) = ~ aiel(p) (1)
i=l

where M is the number of sources and ai is the constant

coefficients. We determine the optimal values of a, by

minimizing the following number Q, the square of the

norm, given by

(2)

where EO and E are the vectors corresponding to the

predetermined desirable electric-field distribution and the

distribution obtained from the real sources, respectively.

Both are assumed to be the elements of the p-dimensional

vector space. The elements of this space are formed from

the values of the electric-field distribution at the prespeci-

fied p test points in the cross-sectional area. We define the

norm here by

ID , 1/2

\t=l )
(3)

where Wt is the proper weighting constant, and E,(t) is the

value of the vector E, at the point t. Solving numerically

the linear equations obtained from 8Q/diij = O (where the

bar “–” means the complex conjugate), we can obtain the

optimal values of at (i= 1,2,. 0., M). The a, thus de-

termined gives the optimal value directly for the excitation

amplitude and phase of the i th current source, since the

mapping from the space whose elements are i,’s to the

space whose elements are e,’s is isomorphic. What kind of

distribution should be chosen as E. is the remaining

essential problem. This E. should be a realizable and

desirable distribution. We propose to choose as E. the set

of values (at the p test points) obtained using the function

C.JO(kp) where .JOis the Oth-order Bessel function, C is a

constant, k is the complex wavenumber of the muscle

medium surrounding the tumor, and p is the radius mea-

sured from the center position of the tumor region. We

should note that YO(kp ) is simply the solution of the wave

equation for the muscle medium. We could make the

distribution narrower than the YO(,kp) shape in one angular

direction, but then the distribution in the other directions

widens, necessarily.

Once the electric field e, is calculated numerically for
every ii with its location given, we can easily and logically

determine the optimal excitation amplitudes and phases of

the sources. This idea is quite general and applicable to any

kind of applicator that radiates the electric polarized fields

in the axial direction.

III. APPLICATION TO THE HUMAN

ABDOMINAL REGION

As a model of analysis we choose an elliptical-shaped

body region composed of muscle and spine layers, typical

of the abdominal region. A cooling water layer surrounded

on the outside with M line-current sources is present. This

geometry is shown in Fig. 1, together with the dimensions

(in centimeters) used for the numerical illustration.

*V

o

Fig. 1. A model for the human abdominaf region (in centimeters)

Fig. 2. General geometry pertaining to the integraf equation formula-

tion.

In the whole process of the present method, the analysis

of electric-field distribution ei( p) in the body region pro-

duced by ii needs the most lengthy numerical process.

Once e,(p) corresponding to each i, is obtained, the opti-

mal values of al are easily determined, provided that the

mutual interaction among sources can be neglected. The

electric fields are obtained here mainly by means of the

surface integral equation approach in which the unknowns

are the tangential electric and magnetic fields on the

boundary surfaces. The basic equations used are [8]

J( wf
e in’+ $ ‘+ -e=

., i3# f )dv’=~e, P = c, (4)

=e, P ~ ~, (5)

where

+f = Hf2J(k,R), R=lp–pq (6)

with H~2J being the Oth order Hankel function of the

second kind, and einc is the incident electric field excited

by the sources, and is zero except in the outermost region

where sources are placed. s, and c, are the i th homoge-

neous region and the boundary line of the region si,

respectively (see Fig. 2). n and u are the coordinates along

the outward normal and tangent directions at a point on c,,

respectively. k, is the wave number in the region St. The

prime stands for the integration coordinate. One point we

must pay attention to in (4) is that the integral equation of

this type does not necessarily give unique solutions, in

other words, the nonphysical resonant solutions are present

[9]. For the present problem, however, these nonphysical

solutions can be ignored because the lowest resonant solu-

tion appears when the scatterer dimension is greater than

0.7X (where A is the wavelength of the outermost medium)
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Fig. 3. Desirable power dissipation distribution in unbounded muscle
region.

and A is assumed here to be several meters while the body

dimension is usually shorter than 1 m.

The electric field e,(p) could be calculated by other

methods, e.g., the volume type integral equation [10], [11],

the finite difference [12], and the finite element. These

methods will be needed when the inhomogeneous proper-

ties of the body must be taken into account. In the present

paper, however, the inhomogeneity of the body is not so

important since the wavelength used here is relatively long

(about 50 cm in muscle). In Section IV a numerical exam-

ple will include some inhomogeneity in the muscle region.

For this example, the volume-type integral equation using

a polarization current model [10] is used additionally for

evaluating this inhomogeneity.

IV. NUMERICAL ILLUSTRATION AND DISCUSSION

Fig. 3 depicts the values of the function F, viz.,

F= IE012, Eo=Jo(Kkop) (7)

for several frequencies where lco is the free-space wave-

number and K is the complex refractive index in the muscle

medium. The K values used are inserted in the figure [13].

The function F corresponds to the power dissipation distri-

bution (in the unbounded muscle region) with rotational

symmetry with its center at p = O; this is also the desirable

heat source distribution that we aim at, since the power

dissipation distribution is proportional to the heat source

distribution. We see from Fig. 3 that the higher frequencies

have the greater advantage of forming a narrower central

hot zone but they make the larger p-region extremely hot.

Cooling water will serve to lower the temperature in this

region. Here, a question would arise why the function F is

chosen such that the outer region is hotter than the central

region. One answer to this question is that any other

artificial functions might meet with the problem of realiza-

bility.

The present numerical examples employ the frequency of

40.68 MHz. All the sources are placed 2-cm apart from the

TABLE I

DIELECTRIC CONSTANTS AND CONDUCTIVITIES
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Fig. 4. Location of test points and bowel regions.
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Fig. 5. Power dissipation distribution for the sources excited m equal

amphtudes and phases; M = 8. (a) On the x-am. (b) On the y-axis (c)
Contour lines.

outer boundary of the water layer at equal angular inter-

vals with one source on the positive x-axis (Fig. 1). The

values of the dielectric constant c, and conductivity u, used

in each region are shown in Table I [13], [14]. The test

points used for forming the vector E are placed only within

the muscle region and spaced equally in the x and y

directions, respectively. All W, are chosen as 1. The loca-

tions of p‘s are shown by X marks in Fig. 4 and p =14

is fixed throughout the paper. It was checked that the

difference of the p value does not have a large influence

on the results and that the larger p is not necessarily

preferable.

Fig. 5 plots the values of IE 12,which are proportional to

the power dissipation distribution, for the case of eight-line

sources, that is, M = 8. All the sources are excited with

equal amplitudes and phases. The dotted lines in Fig. 5(a)

and (b) represent the values on the two principal planes,

along x- and y-axes, respectively. The solid lines on Fig.

5(a) and (b) represent the desirable distribution IEOI2 ob-

tained from (7). Both IE 12 and IEOI2 in Fig. 5(a) and (b)
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Fig. 6. Power dissipation distribution for the sources optimally excited;

focus is on the origin and M =8. (a) On the x-axis. (b) On the y-axis.
(c) Contour lines.

are normalized to the value IEOI2 at the origin (x = O,

Y = 0). The contour lines of equal power dissipation are
depicted in Fig. 5(c). The complicated winding curves

appearing near the outer boundary of the muscle region

come from the deterioration of the accuracy in calculating

electric fields, and should be discarded. This deterioration

in accuracy also causes abnormally large values for a few

points near the outer boundaries in Fig. 5(a) and (b). The

inaccuracy comes from the crudeness of the numerical

integration process used for obtaining the values in the

interior region after solving integral equations and it occurs

only when the observation points are very close to the

boundary peripheral lines. We will comment later on the

accuracy of the present method. We may disregard these

inaccurate values near the outer boundary because it is

expected that in a practical situation the body will be

cooled from the outside to avoid excess heating near the

superficial region of the body. This is the reason that Fig. 1

includes the water layer. The power loss distribution in the

spinal region is not shown here because its quantity be-

comes very small compared to that in the muscular region

(the conductivity in the bone is generally considerably

smaller than that in the muscle medium). Fig. 4 indicates

that the uniform excitation due to identical sources pro-

duces a distribution pattern elongated in the lateral direc-

tion.

Fig. 6 shows the corresponding results for the case where

the excitation amplitudes and phases of eight-line sources

(Jtl = 8) are optimized using the present method. The origin

(x= O, y = O) is the focus or the target position, that is, the

point where p = O. The values 11312 and IEOI 2 are both

normalized to the value IE. 12 at the target position in Fig.

6(a) and (b), and also in all other similar figures shown

afterwards. Fig. 6 indicates that, different from the case of

the uniform excitation, the resultant distribution agrees

closely with the desirable one except in the regions near the
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Fig. 7. Power dissipation distribution for the sources optimally excited;
focus is on the point (5.0 cm, 0,0) and M =6. (a) On the x-axis. (b) On

the x = 5.O-cm line. (c) Contour lines.
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Fig. 8. Power dissipation distribution for the sources optimally excited;
focus is on the point (0.0, 3.15 cm) and M =8. (a) On the y = 3.15-cm

line. (b) On the y-axis. (c) Contour lines.

spinal and the outer boundaries. Although the results are

not shown here, the cases of M = 6 and M = 4 were also

calculated and it was found that the curves and contours
were almost the same as those in Fig. 6(a) and (b).

Fig. 7 is an example when the target position is not at
the origin but at (x = 5.0 cm, y = 0.0) with M = 6. Similar

curves and contours are obtained for M = 8 and M = 4
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Fig. 9. Power dissipation distribution forthesources optimally excited;
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Fig. 10. Power dissipation distribution for the sources optimally ex-

cited; focus is on the point (0.0, 3.15 cm) and M = 4. (a) On the

J>= 3.15-cm line. (b) On the y-axis. (c) Contour lines.

also. Again the resultant distribution agrees closely to the

desirable one. However, when the target position is moved

along the y-axis direction, the realization of the desirable

pattern with only four sources seems to become slightly

more difficult. This can be seen by comparing Figs. 8, 9,

and 10, the examples of the target position being placed at

(x= 0.0, y = 3.15 cm). Figs. 8, 9, and 10 are for M = 8, 6,

and 4, respectively.

Next, some simple examination will be made for the case

where the muscle region is not homogeneous. In this exam-

ple, the cross sectional shape has two bowel regions as

Fig. 11. Optimized power loss contour hnes for the cross-sectional
shape with bowel regions; focus is on the point (5.0 cm, 0.0) and M = 6.

Fig. 12. Optimized power loss contour lines for the cross-sectional

shape with bowel regions; focus is on the point (0.0, 3.15 cm) and M = 6.

shown in Fig. 4 by the set of six dashed circles. This shape

was determined by referring to actual computed tomogra-

phy images. In the calculation of e(p) for this shape, the

volume-type integral equations as applied to the bowel

regions are used additionally. The electric field in the

bowel regions is assumed constant over each circle [10] and

hence the number of unknowns increases by six. The area

of each circle is chosen to be 4 cmz, the radius being about

1.13 cm. The dielectric constant in the bowels is assumed

to be 80.0 – j31.O which is obtained from the weighted

average (0.9 x dielectric constant of water plus 0.1x that of

muscle). This value is typical since the dielectric constant

for bowels varies depending upon the contents packed in

the bowels. One example of the optimized power loss

distribution for this cross-sectional shape is shown in Fig.

11, in which the contour lines are drawn, where the target

is at (x = 5.0 cm, y = 0.0), and A4 = 6. The obtained result

is found to be almost unchanged from that of Fig. 7.

Although not shown here, the results for both M = 4 and

kf = 8 do not differ much. From Fig. 4 one test point is

inside the bowel region. This test point, however, has

almost no effect on the result. The power loss distribution

remains unchanged even if this point in the bowels is

removed from the set of test points. Fig. 12 shows the

power loss contour lines with the target at (x = 0.0, y = 3.15

cm) and A4 = 6. The contour line patterns of Figs. 11 and

12 look similar to the corresponding patterns for the cases

without bowels in Figs. 7 and 9, respectively. Thus we can

conclude that the present method will not be seriously

affected by the presence of inhomogeneities such as the

bowels. This advantage is due to the facts that in our

examples the electric field is polarized in a parallel direc-

tion to the boundaries of the bowel regions and least-

mean-square matching is employed.

Since the power deposition is evaluated in this paper

only in the muscle medium with a uniform physical con-



MCSRITA et al,: OPTIMAL EXCITATION METHOD IN MULTI-APPLICATOR SYSTEMS 537

TABLE II

OPTIMIZED AMPLITUDES AND PHASES

Figure

Fig.6 ~P 1.0 0.8123 0.3361 0,8124 0.9999 0.9441 0.6556 0.9441

Phase 0.0 -22.8 156.3 -22.8 0.0 -25.7 147.6 -25.7

Fig.7 ~p . 1.0 0.1115 0.6168 2.5278 0.552O 0.1011

Phase 0.0 -70.2 0.9 38.8 2.5 -118.7

Flg.8 Amp. 1.0 0.5881 0.5910 0.5880 1.000 1.1972 0.4228 1.1972

Phase 0.0 -36.7 143.6 -36.7 0.0 -7.6 169.7 -7.6

Fig.9
Amp. 1.0 0.0320 0.0313 1.000 0.3414 0.3415

Phase 0.0 -144.6 -144.5 0.0 5.0 5.0

Fig.10
Amp. 1.0 0.1431 1.000 0.4584

Phase 0.0 -167.3 0.0 12.1

IFig.11 IAmp. I 1.0 0.1288 0.3798 2.3181 0.3517 0.1626

Phase 0.0 -159.5 -1.6 35.7 0.2 -166.3 I
F1g.12

Amp. 1.0 0.1203 0.0948 1.0184 0.2703 0.2439

Phase 0.0 173.6 173.9 -0.5 17.1 21.4

stant (except in Figs. 11 and 12), its relative value can be

evaluated by the square of absolute value of the electric

field. However, if the power deposition is needed in various

kinds of media with different physical constants, the square

of the absolute value of the electric field must be multiplied

by the conductivity value for the corresponding medium.

The dissipated power value thus obtained varies drastically

from media to media because of a great difference in their

conductivity values. Hence, if the models are more inho-

mogeneous, the dissipated power value will considerably

change from place to place as in [5], [15], and [16]. Even

then, the square of absolute value of the electric field must

remain comparatively unchanged from place to place, pro-

vided that the model is two-dimensional, the electric field

is polarized in the axial direction, and the frequency is

relatively low. This is one reason why we chose here the

almost homogeneous models and used mostly the surface

integral equation formulation.

The excitation amplitudes and phases actually obtained

following the present optimization method are tabulated in

Table II, in which the relative values to those of the

applicator number 1 are given. It would be impossible to

arrive at these complicated values experimentally only or

empirically. It is interesting to notice that the amplitude

and phase values given for the applicators on the y-axis for

M = 8 (Fig. 8) are considerably different from those for

M = 4 (Fig. 10), and that the values for the cases with

bowels (Figs. 11 and 12) are, as expected, somewhat differ-

ent from those for the corresponding cases without bowels

(Figs. 7 and 9, respectively). For the examples of Figs. 6,8,

9, and 10, the values for the applicators located symmetri-

cally with respect to the y-axis must be equal if the

accuracy is sufficient. Table II shows that this symmetrical
property is satisfied up to the third or the fourth significant

figure.

Accuracy of the calculation can be checked by various

means. One of them is to check the degree of satisfaction

of the energy conservation that holds among the dissipated

power, scattered power, and the net power extracted from

all sources. The relative error with respect to this energy

conservation was checked for all numerical examples per-

formed. The relative error in the worst case of Figs. 4-10

was 3.9%, and those for Figs. 11 and 12 were 3.0% and

4.2’%, respectively.

Once the power loss distribution is obtained, the next

problem will be to evaluate the time evolution of tempera-

ture distribution with this power loss distribution as the

heat source distribution, To investigate the latter problem

theoretically, we have to solve the heat conduction equa-

tion. We would be able to guess intuitively the time evolu-

tion of temperature distribution for the present problem if

we refer to [17], in which by using the cross-sectional shape

similar to that used here the cooling effect of the water

layer is mainly investigated.

V. CONCLUSION

A simple method has been proposed for obtaining the

optimal excitation amplitudes and phases of multi-sources

placed around the elliptical body to heat deep inside the

body. The method has been demonstrated through numeri-

cal illustrations to be very effective in forming a hot zone

around the tumor region. It was found that relatively small

number of sources suffice this purpoie. Studies for the

cases of distributed sources more @n to the practical

applicators as well as a parametric study remains to be

done. It will also be very interesting to examine the results

of the present method as applied to the more inhomoge-

neous models corresponding to computer tomography

images.
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