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elements as a capacitor, but resonances indicate that the PCB via

model needs to be modified at frequencies above 2 GHz.

IV. CONCLUSION

The determination of the characteristic impedance of the TRL

standards is important since it directly affects the accuracy of the

de-embedded results. The enhancement of TRL presented here

incorporates the frequency dependence of the characteristic

impedance and includes transmission line loss.
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Microwave Hyperthermia Induced by a Phased

Interstitial Antenna Array
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JAMES R. OLESON

Aivtrwf —An interstitial microwave antenna array for hyperthermia

cancer treatment is investigated. ‘flte purpose is to generate both uniform

and controlled nonuniform temperature distributions in biological tissue by

modulating the phases of the signals applied to each auteuna. The array

has four antenuas positioned on the coroers of a 2 cm square. The

distributions of absorbed power within the arrays are computed and then

converted into temperature distributions through a heat conduction simula-

tion. The temperature patterns over pftantom muscle are presented in both

the lateral plane (perpendicular to the antennas) and the axial plane

(parallel to the antennas). It has been found that, by proper phase

modulation of RF signals applied to each antenna, a unifornr heating can

he produced in the entire array volume. Alsu, a peripheral heating pattern

may be generated around the array, again by using the proper phase

modulation.

I. INTRODUCTION

Microwave-induced hyperthermia has received increased atten-

tion in recent years in the treatment of cancer. The primary

objective for any hyperthermia treatment is to raise the tumor
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Fig. 1. Square array of four interstitial antennas. The radiating gaps of the

antennas are in the lateral plane z = O, and the definition of the coordinates

is shown. Details of each antenna are discussed in the text.

temperature above 42–43 ‘C for an extended period while keep-

ing the temperature in the surrounding normaf tissue well below

43 “C. These temperatures can be directly cytotoxic and can

potentate the effect of radiation therapy [1], [2].

A commonly used heating method is interstitial or invasive

hyperthermia, where thin coaxial dipole antennas, operating at

microwave frequencies (300–2450 MHz), are inserted into the

tissue [3]. The antennas are made from coaial cables that are

about 1 mm in diameter and have a radiation gap or gaps in the

outer conductor. The antennas are inserted into the tumor through

brachytherapy catheters that are nylon tubes about 2 mm in

outer diameter used for implantation of iridium for radiation

therapy. Through the application of interstitial antennas, various

interesting heating patterns may be obtained by using the con-

structive and/or destructive interference features of the EM

fields radiated from the antennas [4], [5]. By changing the driving

phase of the signal applied to each antenna, the phase-coherent

spot (where constructive interference occurs) may be shifted well

away from the center of a 2 cm square array. By varying the

relative phase between each antenna, sequentially in time, a more

uniform heating pattern may be generated, as well as certain

nonuniform heating patterns that may be required for specific

applications [6], [7]. In this paper, we investigate the techniques

for generating uniform and nonuniform (such as the type in [6]

and [7]) heating patterns for a four-antenna array, as shown is

Fig. 1. Four interstitial &_ttennas are positioned on the comers of

a 2 cm square. The antennas operate at 915 MHz. Theoretical

calculations of X4 R and thermal conduction are performed using

properties of phantom muscle tissue. Therefore, the predicted

temperature distributions do not represent what they would be in

perfused tissue; rather they show what can be accomplished with

the phased interstitial antenna arrays when blood flow is ne-

glected.
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II. METHODS

A number of researchers have worked toward characterizing

the interstitial antenna [4], [5], [8], [9] and two models are

currently used to simulate the radiation pattern. With one of the

models, the interstitial applicator is simulated as a symmetric

dipole; i.e., the antenna is represented as two arms of equaf

length, the same as the gap-to-tip length of the antenna [5], [8].

Although this model yields agreement between theory and experi-

ment in lateral planes near the antenna tip [5], no comparison

along the axis of the antenna has been reported. The second

model currently used represents the interstitial antenna as an

asymmetric dipole; i.e., the antenna is simulated as having two

arms of unequal length, one being the gap-to-tip length and the

other, somewhat longer arm being determined by experiment [9],

[4]. Intuitively, this approach is quite reasonable because the

physical structure of the interstiaf antenna is asymmetric about

the radiation gap along the antenna axis. As reported in [4] and

[9], power deposition calculations based upon the asymmetric

model, for single antennas and for phased antenna arrays, yield

close agreement with experiment in both the lateral plane (the

plane perpendicular to the antennas) and the axial plane (the

plane parallel to the antennas).

In this study, the asymmetric dipole model is again used to

simulate each antenna in an array. Since the detailed derivations

are presented in [9] and [4] for the single antema and the

four-antenna array, we shall not repeat the theory. Fig. 1 illus-

trates the associated coordinate system. The junctions of an-

tennas 1-4 are located, respectively, at (a, a, O), (– a, – a, O),

(– a,– a, O), and (a, – a, O), where a is half of the distance
between two adjacent antennas. If the junction position of the

antennas is represented as (xO,, yOZ,O), where i =1,2,. . .,4, the

total electric field components for the antenna array at point

(x, y, z) may be expressed as

and

(3)

where 0, are the time phase angles of the fields at each antenna.

The incident electric field components in the r (radial) and z

(axial) directions, E,, and E,l, respectively, are computed by [9,

eqs. (2) and (3)] for each antenna, and

R,=/(x– xo, )2+(y–yo, )2. (4)

The power absorbed per unit mass (~i411) is determined by

SAR=; ([ E, I’+IE,[’+IE=I’) (5)

where o is the electrical conductivity of the biological tissue, and

p is the density of the medium. Equation (5) yields the spatial

SA R distribution within the array as a function of position

relative to the antennas.

The temperature distribution is obtained by a heat conduction

simulation. The electrical network analogy to heat flow within

phantom muscle tissue reported in [4], [10], and [11] is used. With

this technique, the thermal system is represented by an electric

circuit mesh. The absorbed microwave power (or SA R times

density times block volume), thermal resistance, heat capacitance,

and temperature are simulated, respectively, as current source,

electrical resistance, and potential. Therefore, solving the equiva-

lent electric network yields the temperature distribution [4].

III. RESULTS

The interstitial antennas used in our simulation have an outer

diameter of 0.95 mm, with the gap-to-tip length hl = 1.989 cm,

and hz =13.0 cm. The determination of hz will not be presented

here since it was discussed at length in [9]. The catheter has an

inner diameter of 1.168 mm and an outer diameter of 1.61 mm.

The catheter is made of polypropylene, with relative permittivity

of 2.55 [12]. The ambient medium is muscle equivalent tissue of

relative permittivity 51 at 915 MHz, conductivity 1.28 S/m, and

density 970 kg/m3.

The SAR calculation is performed over an area of 4 cm by 4

cm in the lateral plane, with a grid size of 2 mm by 2 mm. In the

axial plane, the S,4 R values are computed over an area of 4 cm

by 14 cm with a grid size of 2 mm by 4 mm. The X4R data are

then used in the heat conduction simulation. The temperature

calculations are done, in the lateral and axiaf planes respectively,

at the same resolutions as for the S~ R computation, but over a

larger area. An area of 6 cm by 6 cm is simulated in the lateral

plane, and 6 cm by 16 cm in the axial plane. The ambient

temperature is enforced on the boundary. We have confirmed by

experiment that enforcing the boundary conditions at such a

distance does not affect the temperature calculations. For a

typical temperature simulation in the axial plane, we used 1161

nodes, 2389 thermal resistors, 1160 thermal capacitors, and 756

heat-flux current source inputs (microwave energy absorbed in

each block). Both the SAR and the temperature values are

computed on a Data General computer (MV20000). The SA R

calculation in one plane takes about 10 hours of CPU time,

whereas a CPU time of 3 hours is required to compute each

temperature distribution. The temperature patterns presented

below are the normalized temperature increments with respect to

their mmmum values, and are plotted as percentage contour

lines.

We used phase modulation to change the focaf spots to gener-

ate various heating patterns, namely, the uniform and peripheral

temperature distributions in the antenna array. Fig. 2 shows the

theoretical patterns of uniform temperature distribution gener-

ated

1)

2)

3)

This

through three consecutive beatings:

driving the four antennas in phase for 50 percent of the

heating time;

driving antennas 1 and 4 at 180° and antennas 2 and 3 at

0° for 25 percent of the heating time:

driving antennas 1 and 2 at 180° and antennas 3 and 4 at

0° for 25 percent of heating time.

phase modulation procedure generates a rather uniform

pattern in the array volume. Fig. 2(a) illustrates the result in the

lateraf plane and shows that the 90 percent isotherm encloses the

entire array. Also, the temperature varies by less than 10 percent

within the array. In the axial plane (Fig. 2(b)), the 85 percent

isotherm line encloses an area of 2 cm by 2 cm. Therefore, a

uniform temperature distribution may be obtained within a vol-

ume of 2 cm X 2 cm X 2 cm. The associated S~ R distribution in

the lateral plane z = O is shown in Fig. 3(a). For comparison, Fig.

3(b) is reproduced from [5, fig. 4(b)]. With this we can only
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Fig. 2. Uniform temperature distribution generated from the four-antenna

array with the phase modulation discussed in the text. The temperature

increments are normalized to their maximum, and plotted in percentage

contours. (a) In the lateral plane. (b) In the axial plane.

compare our results in the lateraf plane, since the other group’s

&l R information in the axial plane is not available.

In Fig. 4, a peripheral type of heating pattern, generated from

the four-antenna array, is shown. The heating procedure used for

generating the pattern is:

1) driving antennas 1 and 4 in phase at 180° and antennas 2

and 3 in phase at 0° for 50 percent of the heating time;

2) driving antennas 1 and 2 in phase at 180° and antennas 3

and 4 in phase at 0° for 50 percent of the heating time,

In the lateral plane (Fig. 4(a)), art elevated isotherm (above 70

percent of maximum) occurs along the boundary of the array,

while a constant power deposition (between 60 and 70 percent) is

observed at the array center. In the axiaf plane (Fig. 4(b)),

elevated power (90 percent and above) is obtained in two areas

along the edges of the array. This elevated peripheral heating

extends about 2 cm along the antennas. An isotherm of more

than 60 percent is achieved over a volume of 3 cm x 3 cm x 4 cm,

with a maximum heating shell 0.5 cm thick over the boundary.

IV. DISCUSSION

It has been reported previously [4] that the heating patterns of

the four-antenna array, predicted by the theory upon which this

paper is based, show excellent agreement with experiments for a

number of phase modulations. Therefore, the results presented in

this paper are derived theoretically only. For the four-antenna
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Fig. 3. Comparison of the S,4 R distribution in the lateral plane. (a) S.4 R

pattern generated with the phase modulation that produces Fig. 2(a).

(b) &t R pattern reproduced from [5] with different phase modulation.

array operated at 915 MHz, the maximum X4 R occurs at the

center of the array, if the antennas are driven coherently in phase

[4], [5]. This type of power deposition may not be optimal in that

an elevated power deposition at the edges of a tumor where

blood flow is high would lead to a more uniform temperature

elevation.

As presented in this paper, uniform temperature distributions,

and peripheral heating patterns with maximum power deposition

around the boundary, may be generated by using various phase

modulations. The results were obtained through simulations on

phantom muscle tissue in which thermal conduction with no

blood flow was considered. The actuaf temperature distributions

in tumors will vary due to blood flow and inhomogeneity of the

tissue. In Fig. 2, the uniform temperature distributions are shown.

Three heating intervals with the phase modulation described in

the previous section are necessary to generate the uniform tem-

perature distribution in the array. The proposed phase modula-

tion shifts the focal spot to the desired location. When the locaf

maximum is rotated rapidly around the array volume, the time-

averaged temperature distribution becomes uniform. In Fig. 2(a),

the temperature changes by less than 10 percent within the entire

array. Outside the array, the temperature decreases monotoni-

cally. From the heating patterns of Fig. 2(a) and (b), we may
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Peripheral temperature distribution generated from the four-antenna

with the phase modulation discussed in the text. The temperature

increments are normalized to their maximum, and plotted in pe~centage

contours. (a) In the lateral plane. (b) In the axial plane.

conclude that the four-antenna array yields a uniform tempera-

ture distribution (less than 10 percent change in temperature)

over a volume of 2 cm X 2 cm X 2 cm. Since the antenna gaps are

in the plane z = O, the volume of uniform temperature is located

below the plane z = O (Fig. 1 and Fig. 2(b)). The temperature

drops rapidly toward the tip of the antennas. It is not possible to

attain a uniform temperature distribution in a volume near the

tips of the antennas.

In Fig. 3, a comparison between the present result and that in

[5] is made. Fig. 3(a) is the SAR distribution obtained by using

the same phase modulation that produced the temperature pat-

tern shown in Fig. 2(a). Fig. 3(b) is the SAR pattern reproduced

from [5, fig. 4(b)]. With the usyrnmetric dipole model and the

phase modulation described in this paper, more than 30 percent

of the SA R is deposited over an area of 9 mm by 9 mm (Fig.

3(a)). With the symmetric dipole model and the phase modula-

tion in [5], 30 percent of the X4 R occurred over a smaller area of

6 mm by 6 mm (Fig. 3(b)). Therefore, the area that has a uniform

SA R distribution has been expanded by more than 125 percent.

A similar comparison cannot be made in the axial plane, because

the SA R information in the axial plane is not available from [5].

The phase modulation technique with increased volume of uni-

form S,4 R should make the four-antenna array much more

efficient in treating tumors. Although the locaf X4 R maximum

near each antenna cannot be eliminated through phase modula-

tion, as shown is Fig. 3(a), thermaf conduction will level these

peaks, and the resulting temperature is quite uniform (Fig. 2(a)).

Ocheltree et al. have suggested, for simple geometries with

spatially uniform blood flow and a uniform temperature eleva-

tion in tumor, that the SAR must have its maximum at the tumor

edge and a small but constant value everywhere inside the tumor

[6], [7]. The peripheral heating cannot be generated without phase

modulation [4], [5]. With proper phase modulation applied to the

antennas, however, it becomes possible to shift the focal spot

around the antenna array. Fig. 4 shows that the maximum power

deposition on the array margins is achieved. More than 70

percent of maximum temperature takes place around the periph-

ery of the array, while almost constant temperature (between 60

and 70 percent) is observed in the central part of the array (Fig.

4(a)). This is almost the ideal heating pattern suggested in [6] and

[7]. The marginal heating extends more than 4 cm (for the 70

percent contour line in Fig. 4(b)) in the axiaf direction. Therefore,

the four-antenna array is suitable for small, ellipsoidal tumors.

The antennas should be positioned around the edges of the

tumor, and in parallel with the major axis of the tumor.

Although only temperature distributions in phantom muscle

tissue are shown in this paper, it is known that the temperature

distribution in phantom tissue represents that of real tissue with

no blood flow, whereas the SA R distribution in phantom tissue

illustrates the case of infinite blood flow. The uniformity of SAR
distributions are also improved with the proposed phase modula-

tions. The peripheral SAR distributions are obtained as well (not

shown). With the SA R distributions and the temperatures distri-

butions in phantom tissue, we have considered the two extreme

cases (infinite blood flow and zero blood flow). The temperature

distribution in perfused tissue would be represented by combina-

tions of these two cases, and empirical adjustment of the phase

modulation would be necessary in practice.

“V. CONCLUSION

We have extended the theory of the insulated, asymmetric

dipole antenna embedded in a dissipative dielectric medium to

interstitial antenna arrays used for microwave-induced hyperther-

mia. The phase modulation technique is incorporated into the

theory for the four-antenna square array. It is found that with

proper phase modulation at 915 MHz, both uniform and periph-

eral temperature distributions can be generated. Compared with

published data from other groups, an improved uniform SJ R
distribution over a larger area has been achieved with the phase

modulation technique proposed in this paper. For the uniform

heating pattern, the temperature changes by less than 10 percent

in the entire array. For the peripheral heating pattern, a tempera-

ture of more than 70 percent of the maximum occurs around the

boundary. Inside the elevated heating shell, the temperature is

lower and quite uniform. The same phenomena are observed in

the axial direction along the antennas. The heated volume (60

percent heating and above) extends a few centimeters in the axial

direction. The phase modulation techniques required for produc-

ing the various temperature distributions depend upon both array

types and the patterns to be generated. The results here demon-

strate the potentiaf of these techniques for producing SAR distri-

butions that may be used to optimize temperature distribution in

specific applications.
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