IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 38, NO. 1, JANUARY 1990

69
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Abstract —The power deposition pattern of four antennas, positioned on
the corners of a 2 cm square array with different driving phases, is
computed under the assumption of negligible coupling between the anten-
nas. The spatial SAR (specific absorption rate) distribution is calculated
by modeling each interstitial applicator as an insulated, asymmetric dipole.
For comparison with the heating patterns measured by a thermal video
system, the calculated S4R distributions are converted into temperature
patterns through an electric network simulation of the heating in artificial
muscle tissue. At each nodal point of a grid in the thermal system, the
absorbed microwave power (or SAR times density), thermal resistivity,
heat capacitance, and temperature are simulated, respectively, as current
source, electrical resistance, electrical capacitance, and potential. There-
fore, solving the equivalent electric network on a computerized simulation
routine (SPICE) yields the temperature distribution. In both the axial and
transverse planes, the resulting temperature distributions from the antenna
array, with various driving phases, agree very well with the measured
temperature patterns. '

I. INTRODUCTION

HERE CONTINUES to be a high level of interest in

the application of microwave-induced hyperthermia in
the treatment of cancer. Although noninvasive techniques
are usually preferred in clinical treatments, there are disad-
vantages and difficulties in controlling the heating patterns
of the noninvasive microwave applicators [1], [2]. Invasive
applicators (or interstitial antennas), inserted directly into
the tissue region to be heated, often result in better control
of the heating pattern, both within and outside the target
region. The possibility of using interstitial microwave an-
tennas inserted directly into the tumor was first suggested
by Mendecki et al. [3] and Taylor [4] in 1977 and 1978.
These coaxial line antennas are usually about 1 mm in
diameter, have a radiating gap (or gaps) in the outer
conductor, and are inserted into a plastic catheter that is
embedded in the region to be heated [5], [6]. A single
interstitial antenna (radiating at 915 MHz) will heat a
tissue volume of about 5 cm along the axis of the antenna
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and about 2 cm in diameter transverse to the antenna [7].
The limited heating volume generated by a single antenna
is often unsatisfactory because most tumors seen in the
clinic are more than 2 cm in diameter. Therefore, it is
necessary to use an array of two or more microwave
antennas in order to heat the entire tumor volume.

A number of researchers have investigated applications
using interstitial antenna arrays. Most of the published
results are based upon experiments [8]-[12]. Recently,
King et al. [13] proposed a symmetric dipole model to
simulate the interstitial antenna, from which the electric
field distribution surrounding the antenna was determined.
In subsequent studies, Trembly er al. applied the symmet-
ric dipole model to calculate the power deposition pattern
with an interstitial antenna array [14]-[16]. They demon-
strated that changing the driving frequency, phase, and
antenna length does in fact alter the SAR (specific absorp-
tion rate) pattern within the array. Zhang et al. [17]
proposed an asymmetric dipole model for the interstitial
applicators. It was found that this model yields close
agreement between calculated and measured SAR distri-
butions for a number of interstitial antennas having differ-
ent dimensions.

The present study is a continuation of the work pre-
sented in [17]. The asymmetric insulated dipole is used to
simulate each antenna in the array. The object of this
investigation is to determine and compare the theoretical
and measured heating patterns produced by an array of
four antennas positioned on the corners of 2 cm square.
Each antenna is driven with equal power at 915 MHz, but
with various relative phase angles. The actual heating
patterns produced by the array are measured using a
thermal graphic camera. In order to compare relevant
parameters, the calculated SAR distributions are con-
verted into temperature patterns through an electric net-
work simulation of the heat flow [18], [19]. The antenna-
generated power deposition at points in the thermal system
becomes current-source inputs at nodal points of the elec-
trical system. Therefore, solving the equivalent electric
network on a computerized simulation routine yields the
temperature distribution. It was found that in both the
axial and lateral planes, the resulting theoretical tempera-
ture distributions from the antenna array, with various
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driving phases, agree very well with the measured tempera-
ture patterns.

II. THEORY OF PHASED ANTENNA ARRAY

An interstitial antenna with catheter, embedded in bio-
logical tissue, can be simulated as an asymmetric dipole
when certain conditions are satisfied [17]. Specifically,
when a linear, insulated antenna in an electrically dense
medium is electrically thin (length-to-diameter and wave-
length-to-diameter ratios greater than about 15 [20]) and
when the medium permittivity is much greater than the
insulator permittivity, then the structure may be treated
with good accuracy as a section of suitably terminated
coaxial transmission line [21], [22]. Under these conditions
the current distribution on the antenna has a relatively
simple form, from which the electric field expressions at
points around the antenna are derived. Since a detailed
discussion is presented in [17] for a single antenna, only
the expressions to be used in the electric field calculations
of the antenna array are listed here.

The structure of an insulated asymmetric dipole an-
tenna, its dimensions, and the associated coordinates are
illustrated in Fig. 1. The antenna consists of two central
conductors (region 1), of length 4, and %, and radius a,
surrounded by a cylinder of dielectric consisting of one or
two layers (regions 2 and 3), respectively, of outer radii b
and c¢. Region 4 is the surrounding ambient medium, or
tissue. This region is assumed to be homogeneous and
infinite in extent. The wavenumbers of the insulating lay-
ers and the ambient medium are given, respectively, by

ky= w(u0€2)1/2, ky= "-’(.U«0€3)1/za and k,=B,+ ja, =
w(p€y)/?, where €,=¢,+ jo,/w, u, is the permeability
of free space, w is the radian frequency, ¢, (i = 2,3,4) are

the dielectric constants of each region, and o, is the
conductivity of tissue. A time dependence of e/“' is as-
sumed for all fields. If the following conditions:

ky/ko? >1 kg /ks|*>1

(k,b)* <1 (kye)’ <1 (1)
are satisfied, the electric field components in the ambient
medium produced by the antenna are given by [17]
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H{"(x) and H{V(x) are Hankel functions, and V{ is the
voltage at the input junction. Z, is the input impedance.
Note that regions 2 and 3 have been combined as one
effective region of permittivity €¢,, and wavenumber k,,.
Equations (2) and (3) may be evaluated numerically using
the Gaussian quadrature formula [17], [23] and the adap-
tive Simpson rule [24], [25].
Once the electric field is known for a single antenna, the
" total electric field at any point in the array may be
computed by summing up the contributions from each
antenna with the phase angles taken into account. Fig. 2
shows the structure of the four-antenna array and the
definitions of the coordinates. The antennas are placed
with their axes in parallel and with the radiation gaps at
the aligned junction plane z=0. It is assumed that the
output of one antenna is not altered by the presence of the
other three, or the effect of coupling between the antennas
may be neglected. In fact, theoretical calculations indicate
that at 2 cm from a radiating gap in muscle tissue the SAR
is diminished by at least a factor of 4 below the SAR
produced at the gap. Therefore, ignoring the coupling
between the antennas seems reasonable. The electric field
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Fig. 1. Insulated asymmetric dipole in ambient medium. The antenna is
fed from the bottom through a coaxial cable. The relevant dimensions
are h; =1.989 cm, h, =13 cm, a =0.475 mm, and ¢ = 0.805 mm.

components at a point (x, y, z) in space are determined by
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where 0, (i =1,- - -,4) are the phase angles of the antennas,
and

Ry=|(x—a)’+(y-a)’ (20)

Ry={(x+a)’+(y—a)’ (21)

Ry=|(x+a) +(y+a) (22)
and

Ry=y(x—a)*+(y+a). (23)

We have assumed that the junctions of antennas 1-4 are
located at (a, a.0), (— a, 4,0), (— ¢, — a,0), and (a, — a,0),
respectively. E,; and E,, (i=1,---,4) are computed, re-
spectively, by (2) and (3) for each antenna. The distance a
is set to 1 cm for this study.

The power absorbed per unit mass (SAR) signifies the
rate of heat generation and is given by

Oy
SAR = 2—p(|Ex|2 +1E, > +|E,*) (24)
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Fig. 2. Square array of interstitial antennas. Detail of each antenna is
shown in Fig. 1.

where o, is the electrical conductivity of the biological
tissue, and p is the density of the medium. Equation (24)
gives the spatial SAR distribution within the array as a
function of position relative to the antennas. It is this
quantity that is of interest in microwave-induced hyper-
thermia applications.

ITII. DERIVATION OF TEMPERATURE DISTRIBUTION

FROM SAR PATTERN

To directly compare the theoretical predictions of SAR
patterns with experiment, the SAR profiles of the antenna
array would have to be measured. To do this for the
antenna array, the temperature history in real time would
have to be measured at all points in the 3-D space [7]. A
more practical alternative is to measure the temperature
profiles on a particular plane using a thermal graphic
camera. The theoretical SAR patterns are then converted
into temperature profiles through a numerical simulation
of heat conduction. Thus, a comparison between theory
and measurement is in fact accomplished.

To convert SAR to temperature, an electrical analogy to
heat flow within phantom muscle tissue is presented [18],
[19]. With this technique, the physical region of interest is
partitioned into a system of finite sections or blocks, as
shown in Fig. 3(a). The mass of each block is represented
by a point or node in the center of the block. The paths for
the transfer of heat from one block to another are repre-
sented by heat conductors connecting the nodes. If, as in
Fig. 3(b), the dimensions of each block are Ax, Ay, and
Az, respectively, along the x, y, and z directions, the heat

e A x—>]
(b)

(a) Electric network analogy to heat flow. The region is divided
into blocks. (b) Two typical blocks.

N\

Fig. 3.

resistances (in °C/W) in each direction are obtained by

R 1 Ax

x~kAyAz (25)
1 Ay

R [ —

Yk AxAz (26)
1 Az

Z*;AxAy (27)

where k& (in W,/m°C) is the thermal conductivity of the
material, or tissue. Attached to each node is a thermal
capacitor controlling the temperature response of the node
to a given quantity of heat. The value of this capacitor is
the amount of heat necessary to raise the temperature of
the mass in the block 1°C and is given by

C,=pc,AV=pc,AxAyAz (28)

where C, is in J/°C and c, is the specific heat in J/kg°C.
AV is the volume of the block. The microwave power
absorbed in each block is signified by a heat flux source
injected into the node. This quantity is determined by the
SAR at the nodal point as

I=SARpAV=SARpAxAyAz (29)
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where the heat flux I is in W if SAR is in W /kg and p is
in kg/m’.

In our experiments, phantom muscle tissue is used as the
irradiated medium [26]. Therefore, no blood flow is consid-
ered, and the medium is homogeneous. The effect of blood
flow could easily be incorporated by adding convective
elements to the nodes [19], and an inhomogeneous medium
could be simulated by using differing values of heat resis-
tances and capacitances. In this study, the ambient tem-
perature is enforced on a boundary that is 3 cm away from
the array. This distance was chosen by running several
simulations and varying the boundary until the tempera-
ture distribution in the array became insensitive (tempera-
ture change less than 1 percent) to the location of the
boundary.

If the heat flux, thermal resistance, heat capacitance,
and temperature in the thermal system are simulated,
respectively, as current source, electrical resistance, electri-
cal capacitance, and potential, an equivalent electric net-
work is achieved. Solving the electric network and plotting
the transient electric potential distribution yield the tem-
perature profile for the thermal system. It should be noted
that solving the transient response of the system is neces-
sary since the measurement of temperature in the array is
made before steady-state conditions are reached. A com-
puterized network simulation routine, SPICE [27], is used
to solve the transient response of the electric network. This
computer program allows one to solve a system many
orders of magnitude larger than the one we have consid-
ered (we used 1161 nodes, with 2389 resistors, 1160 capaci-
tors, and 756 current sources for the simulations in the
x—z plane). The practical limitation one first encounters is
the computer memory space.

IV. THEORETICAL AND EXPERIMENTAL RESULTS

Four interstitial antennas were constructed from semi-
rigid microwave coaxial cable (Micro-coax, UT-34M),
which has an outer radius a = 0.475 mm. The tip length
(h, in Fig. 1) was 1.989 cm, and h, was 13.0 cm. The
determination of %, has been discussed in [17]. A quarter-
wavelength stripline matching circuit was constructed for
each of the antennas, so that the measured input return
loss was greater than 20 dB. The insulating dielectric in
Fig. 1 has two layers. The inner layer of air between the
antenna and the catheter has an outer radius b = 0.584 mm
and a relative permittivity €,,=1. The outer layer of
insulation is the catheter (polypropylene catheter, SFR.,
Monoject, Division of Sherwood Medical) of outer radius
¢=0.805 mm and relative permittivity €,, = 2.55 [28]. The
ambient medium is phantom muscle tissue [26] of relative
permittivity €,, = 51, conductivity o, =1.28 S/m, and den-
sity p = 970 kg/m’. The antennas are operated at 915 MHz
with V¢ set to 1 V. This assumed value of Vg will not
affect the results since the calculated temperature distribu-
tions are normalized to make the comparison with experi-
ments meaningful. Note that the conditions in (1) are well
satisfied by this system.
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Calculations and measurements are accomplished on
two major planes: the lateral plane through z =0 and the
axial plane through y =0, for various combinations of
phase angles. Because of the limitation on the length of the
paper, only two phase combinations are presented. The
theoretical iso-SAR distributions generated using (24) are
illustrated, respectively, in (a) and (b) of Fig. 4. The SAR
values have been normalized to their maximum values and
are plotted as percentile contours. Parts (a) and (b) in Fig.
4 show the iso-SAR patterns in the planes through z=10
and y =0, respectively, for an array in which all four
antennas are in phase.

The SAR distributions in (a) and (b) of Fig. 4 are
converted into temperature patterns, represented by the
contour lines in parts (c) and (d) of the same figure, using
the procedures described in the previous section. The spe-
cific heat of phantom muscle tissue is ¢, = 3,516 J/kg°C
with thermal conductivity & = 0.544 W /m°C [29]. A two-
dimensional model is used in the analysis because of the
limitation on the computer memory space. In the lateral
plane (z = 0), the grid size is 2 mm (Ax) by 2 mm (Ay),
whereas 2 mm (Ax) by 4 mm (Az) grids are used in the
axial plane (y = 0). The SAR calculations in the array are
computed with the same grid sizes. The nodal temperature
values are obtained after a simulated microwave heating
time of 6 minutes (also the experimental heating time). The
temperature increments obtained by subtracting the initial
temperature (25°C) from the final temperature are then
normalized to the maximum value. The results obtained
for axial and lateral planes are illustrated, respectively, in
(c) and (d) of Fig. 4. Fig. 5 shows the temperature patterns
generated by the array with different phase inputs. In this
case, antennas 1 and 4 are in phase at 180°, and antennas
2 and 3 are in phase at 0°. The corresponding SAR
patterns are not shown.

The temperature measurements are performed on phan-
tom muscle tissue [26] in two boxes (10 cm X 10 ¢cm X 18
cm) made from polystyrene sheets. One box is divided into
two parts along the lateral plane, and the other along the
axial plane. This setup allows a fast access to the planes of
interest in the phantom muscle tissue for making tempera-
ture measurements. With one of the boxes, the temperature
distribution in the lateral plane at z = 0 is measured on an
area of 10 cm by 10 cm. With the other box of phantom
tissue, the temperature pattern in the axial plane at y =0
is recorded on an area of 10 cm by 18 cm. The four
interstitial antennas are driven by the same microwave
source (model 15022, MCL Inc.). A power divider sepa-
rates the signal into four equal and in-phase parts. Two
continuously adjustable delay lines (trombone sections) are
used to vary the phase angles. A thermal video system
(Probeye, model 3300, Hughes Aircraft Company) is used
to record the temperature patterns after the phantom
tissue is irradiated for 6 minutes at an input power of 5 W
to each antenna. These recorded patterns on the lateral
and axial planes are photographed. and then transferred
onto the theoretical temperature plots in Figs. 4 and 5,
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Fig. 4. Calculated and measured results for an in-phase antenna array. (a) Calculated SAR distribution in the plane z =0.
The SAR values are normalized to their maximum. Labels refer to the iso-SAR levels in percentage. The black dots show

the antenna positions. (b) Same as (a), but in the plane y= 0. The antenna gaps are at z =

. (¢) Theoretical (various

contour lines) and measured (open circles) temperature pattern in the plane z=0. The temperature increments are
normalized to their maximum. Labels refer to the normalized isotemperature increment levels 1n percentage. The antenna
positions are shown as black dots. (d) Same as (c), but in the plane y = 0.

respectively, for the two cases of different phase combina-
tions. The measured patterns are represented as open
circles in Figs. 4 and S.

V. DiscussioN

In microwave-induced hyperthermia applications, the
value of SAR is directly proportional to the rate of tem-
perature increase when the rate of increase greatly exceeds
the rates of decrease due to heat conduction and blood
perfusion. A steep gradient in SAR may not correspond to
a steep temperature gradient, because of the smoothing
effects of heat conduction (and blood perfusion in live
tissue). For example, refer to Fig. 4, where the calculated
SAR and temperature patterns, along with the measured
temperature profiles, are illustrated, respectively, in the
two planes at z =0 and at y =0 for an in-phase array. In
parts (a) and (c) of Fig. 4, the predicted SAR and temper-
ature patterns in the lateral plane (z = 0) have their maxi-
mum value in the center of the array. The SAR varies by
only 50 percent over the entire region between the anten-
nas. Although there exist steep gradients in SAR near each

antenna, the temperature distribution is quite smooth due
to heat conduction. The isotemperature contours of 65
percent and above include the entire region of the array.
Also shown on Fig. 4(c) are the measured heating patterns
represented by the open circles. The agreement between
theory and experiment is very good at the higher tempera-
ture elevations, but not as good at the lower elevations.
This is because the noise in our measurement system
makes the lower temperature (closer to ambient) more
difficult to resolve.

The calculated SAR, temperature, and measured tem-
perature profiles in the axial plane (y = 0) are presented in
Fig. 4(b) and (d) respectively. The theoretical results of
both SAR and temperature show that heating above 50
percent occurs over a region 2 ¢cm by 6 ¢cm. The measured
temperature profiles in Fig. 4(d) cover about the same
region for 50 percent heating and thus agree quite well
with the computed temperature profiles (Fig. 4(d)). There
is a secondary peak at about z=—10 c¢cm in both the
calculated and the measured results. In both cases, this
secondary peak is small enough to be ignored in most
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Fig. 5. Theoretical (various contour lines) and measured (open circles)
temperature patterns for an antenna array, in which antennas 1 and 4
are in phase at 180°, and antennas 2 and 3 are in phase at 0°. The
temperature increments are normalized to their maximum. Labels refer
to the normalized isotemperature increment levels in percentage. (a) In
the plane z=0, with the antenna positions shown as black dots.
(b) Same as (a), but in the plane y =0.

hyperthermia applications. The results shown in Fig. 4
indicate that the four-antenna array, if driven in phase,
would heat an ellipsoidal region 6 cm long and 2 cm in
diameter. This shape of heating pattern may be desirable
for many hyperthermia applications, and reasonably
smooth temperature gradients are produced over a fairly
large volume.

In Fig. 5, the temperature patterns are shown for an
array in which antennas 1 and 4 (on the right in Fig. 5(a))
are in phase at 180°, whereas antennas 2 and 3 (on the left
in Fig. 5(a)) are in phase at 0°. Note that the two pairs of
antennas are 180° out of phase. In Fig. 5, both the
calculated and measured temperature patterns are shown.
The isotemperature contours above 70 pescent include-two
separate volumes of 1 cmX2 cmX4 cm around the two
antenna pairs respectively. The predicted temperature dis-
tributions agree with the measured temperature profiles in
both planes. In the axial plane (Fig. 5(b)), the measured
temperature pattern does not show a secondary hot spot
toward the driven input, even though the theoretical tem-
perature pattern predicts a weak secondary peak at z =
—10 cm. This difference may occur because the secondary
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peak is too weak to be measured with our present system.
Note that the phase coherence region is no longer at the
center of the array, as it was in the case of the in-phase
array in Fig. 4. This means that a more uniform tempera-
ture distribution in a volume of 2 cmX2 cm X 6 cm could
be achieved by proper antenna phasing with these sequen-
tial time segments: (1) drive the antennas in phase for a
given amount of time, (2) drive antennas 1 and 4 in phase
at 180° and antennas 2 and 3 at 0°, and (3) drive antennas
1 and 2 in phase at 180° and antennas 3 and 4 at 0°. This ’
phase-modulation technique would appear to generate a
more uniform temperature distribution within the entire
heated volume, and yield a uniform temperature profile
necessary for some hyperthermia applications.

It has been reported that a more uniform power deposi-
tion pattern is desirable for raising the temperature to the
therapeutic level, while the power deposition pattern with
elevated power at the periphery of the tumor is more
suitable for maintaining steady-state heating [30], [31].
This type of ideal power deposition can be achieved with
the application of the results in Fig. 5. One can eliminate
the SAR peak at the array center and generate local SAR
maxima around the array boundary if one chooses the
heating sequences (2) and (3) as described in the last
paragraph. More research will no doubt yield the optimum
phase combinations for generating heating patterns of
various desired shapes.

VI

The theory of the insulated asymmetric dipole antenna
embedded in a dissipative dielectric medium has been
applied to interstitial antenna arrays for microwave-
induced hyperthermia applications. The power deposition
was computed within the volume of a parallel array of four
antennas forming a 2 cm square. The SAR calculations of
various phase combinations were performed in both lateral
(z = 0) and axial ( y = 0) planes, and the effect of coupling
between the antennas was neglected. An electric network
simulation of heat flow within the volume was developed
to convert the SAR pattern into the temperature distribu-
tion. Comparison of the computed temperature patterns
(obtained from the SAR distribution through the electrical
network analogy) with the experimental measurements has
shown an excellent agreement, lending support to the
validity of the theoretical analysis. Although the heat con-
duction system simulated by the electric network in this
paper is relatively simple, the technique of the circuit
simulation of heat conduction could be applied to a more
complicated system. For instance, to simulate heat flow in
a biological system, the characteristics of nonlinear blood
flow and radiative heat loss are easily incorporated by
adding nonlinear convective and radiative elements to the
electric network.

Both the theoretical and the experimental results of the
present study show that the hottest spot, or the phase
coherence region, can be shifted in the lateral plane.
Therefore, more uniform SAR and temperature distribu-

CONCLUSION
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tions in an extended volume could be achieved if the
phase-modulation technique were used. A heating pattern
of this type generated by the interstitial antenna array may
be ideal for certain clinical hyperthermia applications. If
nonuniform heating is desired, it is possible to direct the
hot spot to the desired region by properly choosing the
driving phase to each antenna.
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