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Abstract—The specific-absorption-rate (SAR) distributions pro-
duced by three-, six-, and seven-element arrays of sleeved-slot in-
terstitial antennas in brain-equivalent tissues are investigated in
this paper. Computer simulations of SAR distributions are com-
pared to experimental measurement made in a brain-equivalent
gel phantom at 2450 MHz. Results showed that a 15-mm antenna
spacing would produce SAR patterns with the least variation in
its distribution compared to smaller or larger spacings. Moreover,
the region of elevated SARs is inscribed by the array and extends
35 mm in length to include the distal antenna-tip region. In addi-
tion, results indicate that a hexagonal array configuration of either
six or seven sleeved-slot interstitial antennas could provide elevated
SARs in brain tissues. Since the six-element configuration uses one
less interstitial antenna with comparable SARs, it offers a better
scheme for hyperthermia treatment of brain tumors.

Index Terms—Interstitial hyperthermia, microwave, SAR,
sleeved-slot antenna, triangular and hexagonal arrays.

I. INTRODUCTION

H YPERTHERMIA cancer therapy is often used in con-
junction with chemotherapy and radiotherapy since

the cytotoxic effect of antitumor drugs is enhanced and the
cell-killing ability of ionizing radiation is potentiated by
hyperthermia [1]–[3]. Nevertheless, hyperthermia is still an
experimental treatment in the U.S. for late-stage patients with
advance or recurrent tumors, but it has gained some acceptance
in Europe and Japan [4], [5], [6]. Clinical and laboratory results
indicate that its efficacy depends on the induction of a sufficient
temperature rise throughout the tumor volume. Accordingly,
there has been increasing interest in interstitial hyperthermia
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treatment of brain tumors with control of spatial temperature
uniformity within a centimeter [6]–[10].

This paper describes, through phantom modeling experiment
and computer simulation, the use of triangular arrays of inter-
stitial sleeved-slot microwave antennas in producing specific
absorption rate (SAR) in brain tissues. Vector summations of
electromagnetic fields radiated from a series of infinitesimal
dipoles are applied to calculate the SAR patterns in tissue. SAR
measurements are made in brain-equivalent gel phantom. The
measured and computed SAR distributions of three-, six-, and
seven-element arrays are assessed using brain-equivalent tissue
models. Note that the sleeved-slot microwave antenna is de-
signed to operate at 2450 MHz. It features improved power de-
position at the tip and along the axial length of the antenna. The
sleeved-slot antenna minimizes reflected current flowing up the
transmission line. These features distinguish the sleeved-slot an-
tenna from a number of existing microwave catheter antennas,
which tend to produce a cold spot or low heating zone near the
distal tip of the antenna [1], [2], [11]. For many clinical appli-
cations, existing protocols require insertion of the tip of the an-
tenna well beyond the tumor boundary, creating a potential for
unnecessary damage or necrosis in normal tissue. (A schematic
diagram of a microwave interstitial hyperthermia system given
in Fig. 1).

It is noted that, in clinical practice, the quantity of ultimate
interest is temperature distribution inside the tumor. However,
SAR distribution in tissue provides the driving power respon-
sible for tissue temperature elevation over a given period of
time. Moreover, in order to conduct a full investigation of
the dynamic temperature variation, one needs to take into
account tissue composition, blood perfusion, heat conduction
effects of various tissues, and heat generation due to metabolic
processes. Indeed, temperature distribution produced by the
interstitial sleeved slot antenna arrays is a subject currently
being assessed in our research to arrive at an optimal condition
for a sufficiently uniform heating pattern both in phantom and
animal models. We plan to provide the results obtained using
the SAR distributions from the present investigation in a future
paper.
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Fig. 1. Schematic diagram of a microwave interstitial hyperthermia system.

Fig. 2. Schematic diagram of the sleeved-slot antenna. The choke sleeve was
short circuited at the proximal end to the coaxial outer conductor.

II. M ATERIALS AND METHODS

A. Interstitial Antennas

The sleeved-slot antenna was configured with two circum-
ferential slots and a second outer conductor that served as a cur-
rent-restricting choke to prevent reflected current from flowing
up the transmission line and returning to the air–phantom in-
terface [11]. The choke sleeve was short circuited at the prox-
imal end to the coaxial outer conductor (Fig. 2). The miniature
interstitial antenna was mounted on a semirigid coaxial cable
(0.86-mm OD), which serves as the transmission line for power
delivery to the antenna. For 2450-MHz operation, the antenna
was 20 mm in length and about 1 mm in diameter with a 3-mm
tip and a 1-mm junction. The SAR pattern produced in a homo-
geneous tissue phantom is pear shaped, about 25 mm in length,
with enhanced power deposition toward the distal end of the
antenna (Fig. 3). The sleeve/choke matched the antenna to the
coaxial transmission line and it helped to prevent reflected cur-
rents from flowing up the coaxial cable to the body surface. The
SAR produced by the sleeved-slot antenna is independent of in-
sertion depth so long as the depth is greater than the antenna
length.

B. Computer Simulation

The computational scheme used to calculate SAR distribu-
tion assumes the sleeved-slot antenna to be a series of short seg-
ments. As long as each segment can be regarded as small com-

Fig. 3. Measured longitudinal SAR pattern produced by a 2450-MHz
sleeved-slot antenna in a homogeneous brain tissue phantom.

pared to the wavelength at 2450 MHz, the electric field radiated
from a segment can be obtained through the dipole theory [12].
This procedure had been shown to provide fairly accurate SAR
distributions in tissue medium [13]. Accordingly, for each seg-
ment, the electric field at a point inside the tissue was given by

(1)

(2)

(3)

where is impedance of medium , is current amplitude
(in amperes), is length of a segment (in meters), is the
wavenumber (1/m), and is the wavelength (in meters). The
antenna current was derived from measured power deposition
near the surface of the antenna.

By applying the above equations repeatedly and by vector
summation of field components emanating from each segment,
we obtained the electric field at any point as

(4)

For the equilateral triangular array, antennas are assumed to
have the same current amplitude and are in-phase. The electric
field at a point in the tissue was obtained by summation of con-
tributions from each of the three antennas. A computational grid
size of 0.5 mm was used to perform the electric-field calcula-
tions. The SAR was calculated by using

(5)

where is the electric field (volts per meter), is the density
of tissue (kilograms per meters), and is the conductivity of
tissue (siemens per meter).

To avoid boundary effects on the hexagonal array computa-
tions, the model volume was chosen to be 6060 50 mm
for six- and seven-element hexagonal arrays (Fig. 4). These di-
mensions were three to four times greater than the intercatheter
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Fig. 4. Configurations a six- or seven-element hexagonal array.

spacing in the transverse plane. Our experience showed that by
locating the boundaries at these distances, reflections were re-
duced below 0.01%. The input power to each antenna was as-
sumed to have equal amplitude and phase. SAR distributions
were calculated from the computed electric field using tissue
electrical conductivity for brain tissue (2.3 S/m) [14]. In the
case of seven-element arrays, a central antenna was added to
the alignment.

C. SAR Measurement in Brain Phantom

The brain phantom used for SAR measurement consisted of
a glass cylinder (80-mm ID) of brain-equivalent gel dielectric
[15] immersed in a constant temperature (37C) water bath. A
Plexiglas template with predrilled holes was used to guide the
implantation of Teflon catheters (1-mm ID) to the desired depth
(45 mm) in the phantom. Sleeved-slot microwave antennas and
Fibroptic temperature sensors (Luxtron; 1-mm diameter) were
then inserted into the Teflon catheters. A triangular array was
formed by locating catheters at the corners of an equilateral tri-
angle, whose spacings varied from 10 to 20 mm.

The antennas were driven in phase and the input 2450-MHz
power was 20 W to each antenna. The higher (20 W) power is
used to guarantee a sufficient and necessary linear rise in tem-
perature during a brief period of microwave application. A mi-
cromanipulator was used to position the Fibroptic sensors for
measurement of temperatures at multiple points in three dimen-
sions. (Sensors were moved manually with the assistance of the
micromanipulator, in 5-mm steps, within the catheter lumen for
measuring temperature at different depths.) Temperature rises
were monitored and recorded every second. After the experi-
ment, temperature rise was converted to SAR in watts per kilo-
gram using the formula

(6)

where is the specific heat in joules per kilogram-degrees Cel-
sius, and , are the linear transient rise in temperature (de-

TABLE I
VARIATION OF SAR (IN WATTS PERKILOGRAM) AT TWO LOCATIONS WITHIN

THE ACTIVE REGION OFEQUILATERAL TRIANGLE ARRAYS

grees Celsius) and the brief duration (initial 10 s) of power appli-
cation, respectively. Contours of constant SAR were computed
using linear interpolation between measurement points.

In order to ascertain their relative advantages, measurements
were conducted for both the six- and seven-element hexagonal
arrays. As shown in the following section, results from the study
using equilateral triangle arrays indicated the 15-mm spacing
gave rise to a most uniform SAR distribution by these antennas,
the 15-mm array spacing was, therefore, chosen for the hexag-
onal array studies.

III. RESULTS

A. Triangular Arrays

A summary of computed results for triangular arrays with 10-,
15-, or 20-mm spacing is given in Table I. The SAR values are
adjusted for a 100-W/kg SAR at a point 1 mm away from the
antenna surface in the tip plane (45 mm) of the antenna array. It
can be seen that there are discernible variations in the computed
SARdistribution ineachcase.TheaverageratiobetweentheSAR
at the center of the triangular array and a point 1 mm away from
the antenna surface is 4.4 (2.0–7.3) for 10-mm spacing and 0.5
(0.3–0.8) for 20-mm spacing. However, for 15-mm spacing, the
average CEN/SUR SAR ratio is 0.9 (0.4–1.2) along the active
length (from 25 to 45 mm) of the antenna array. Computed SAR
distributions at all cross sections for the 15-mm array showed
comparableSARs at the arraycenter and near theantennas. Thus,
SAR variation is the lowest for the 15-mm array. As shown in
TableI,SAR(372W/kg)alongthecenter for the10-mmarraywas
greater than anywhereelse for this arrayconfiguration, while that
for the 20-mm array had its highest SAR value (113 W/kg) close
to the antenna surface. Similarly, the peak SAR for the 10-mm
array was about 2.5 times higher than that for the 20-mm array.
In addition, SAR at the center was greater than points close to
the antenna surface for the 10-mm array, while it was the highest
near the antennas for the 20-mm array.
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Fig. 5. SAR distributions computed over the transvere plane at 30, 40, 45, and 50 mm of a 15-mm equilateral triangle array.

A representative set of computed SAR distributions over the
transverse plane at 30, 40, 45, or 50 mm for 15-mm spacing of
a triangular array is shown in Fig. 5. Note that SARs peak at
the array centers. These results show relatively low SARs at the
50-mm plane, which is beyond the tip of the antennas at 45 mm.
The measured SAR distributions for equilateral triangular ar-
rays of three sleeved-slot antennas spaced at 15 mm apart in
phantom, likewise showed peak SARs at the array center Fig. 6.

Measured longitudinal SAR distributions inside the 15-mm
array at a point (2.5 mm) close to the antennas and at the array
center are given in Figs. 7 and 8, respectively. Note from Fig. 7,
the enhanced SARs over the active region of antenna. A peak
appeared near the tip with a plateau region of high SAR along
the active length of the antennas and then tapering rapidly to a
low SAR along the transmission-line feed. As can be seen from
Fig. 8, SARs remain elevated over an extended length (about
35 mm from 10 to 45 mm at the 50% SAR point) along the
central axis of the triangular array.

B. Hexagonal Arrays

SAR distributions in homogeneous brain tissue models have
been computed for six- and seven-antenna hexagonal arrays
formed by 15-mm equilateral triangular arrays. In the case
of a six-element array, the central antenna was left out of
the catheter. The computed SAR patterns at transverse cross
sections 30, 40, 45, and 50 mm (which encompass the active
region) from the air–tissue interface are shown in Fig. 9 for a
hexagonal array of six antennas. The antenna tips are located at
a depth of 45 mm from the surface. It can be seen that elevated
SARs occur near the center of the array. Also, even without the

central antenna, there are additional peaks near the centers of
the six virtual equilateral triangles formed by the antennas.

A similar set of measured cross-sectional SAR distributions
are given in Fig. 10 for a six-element hexagonal array.

The addition of a seventh antenna at the center gave rise to
computed and measured SAR patterns for seven-element hexag-
onal arrays are similar to those shown in Figs. 9 and 10, except
for a higher SAR surrounding the central antenna.

A comparison of computed SAR distributions produced by
six- and seven-element configurations is given in Table II. For
both hexagonal array configurations, SAR variations are nor-
malized to that at the center of the seven-element array. Note that
in the center of a six-antenna array, SAR at 35 mm is higher than
at the other two depths shown. However, for a seven-antenna
array, the tip plane at 45 mm exhibits a higher value. The average
SAR at the array center and range of variation produced by the
six-element array is slightly lower than that by the seven-ele-
ment array.

IV. DISCUSSION

The computer simulated and experimentally measured results
are in general agreement, although their numerical values were
not always the same. In particular, SAR distributions at all cross
sections for the 15-mm array showed comparable trends for
SARs at the array center and near the antennas. This suggests
that a triangular array spacing of 15 mm has the least SAR vari-
ations for the miniature sleeved-slot microwave antennas oper-
ating at 2450 MHz. Moreover, Figs. 6 and 7 show the SAR near
the air–tissue interface (0 mm) is about 25% of the maximum
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Fig. 6. Measured SAR distributions in the transverse planes at 30, 40, 45, and 50 mm of a 15-mm equilateral triangle array of sleeved-slot antennas operating at
2450 MHz. The tips of the antennas are located at 45 mm.

Fig. 7. Measured longitudinal SAR distributions in a 15-mm equilateral
triangle array of sleeved-slot antennas. The tips of the antennas are located at
45 mm. Values are for points at 2.5 mm from each antenna (an intermediate
point inside the array). There appeared to be a slight misalignment of the
fiber-optic sensors during the collection of data set #2.

value in phantom tissue. It is significant to note that while the
SAR drops rapidly toward the surface of the tissue phantom, its
distribution extends further (about 35 mm at 50% SAR) along
the array center. Thus, the use of sleeved-slot antennas for the
triangular array would produce a more uniform SAR distribu-
tion in a volume that includes the tip of the antennas.

Fig. 8. Measured longitudinal SAR distributions at the array center inside the
15-mm triangular array.

Accordingly, a 15-mm array spacing is selected for studying
SAR distributions produced by six- and seven-element array
configurations.

In principle, the three-element array configuration may be
advantageous for irregular tumor geometries. The triangular
configuration is more easily adaptable to conform to such ge-
ometries. For example, a hexagon is formed by a combination
of equilateral triangles. Thus, the 15-mm triangular array could
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Fig. 9. Computed SAR patterns for a hexagonal array of six antennas at transverse cross sections 30, 35, 45, and 50 mm from the air–tissue interface.

Fig. 10. Measured cross-sectional SAR distributions for the six-element hexagonal array.

serve as an efficient building block to form hexagonal or other
arrays of interstitial antennas for hyperthermia treatment of
larger tumors.

As shown in Figs. 9 and 10, there is a general agreement be-
tween computer simulation and experimental measurement both
for six- and seven-element hexagonal arrays. The average SAR
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TABLE II
COMPARISON OFSAR VARIATION (PERCENTAGE) PRODUCED BY SIX- AND

SEVEN-ELEMENT HEXAGONAL ARRAYS INTERSTITIAL SLEEVED-SLOT

MICROWAVE ANTENNAS IMPLANTED TO A TIP DEPTH OF45 mm

at the array center and range of variation produced by the six-el-
ement array is slightly lower than the seven-element array (see
Table II). Since the six-element array can provide SARs nearly
as high as the seven-element array, but with lower SAR varia-
tion, suggests that it could provide more uniform SAR distribu-
tion using 2450-MHz sleeved-slot microwave antennas.

Although not part of this investigation, it is conceivable that
incorporation of amplitude and phase variations into the feeding
network for the antennas could further improve the uniformity.
However, the most important use of phased arrays would be to
steer the SAR distribution inside the tissue, which is beyond the
cope of this paper.

It is noted that, in clinical practice, information on temper-
ature distribution is also of interest. In order to conduct a full
investigation of the dynamic temperature change, one needs
to take into account tissue composition, blood perfusion, heat
conduction effects of various tissues, and heat generation due
to metabolic processes. Although several vascular models have
been proposed to predict precise temperature distributions [16],
[17], a clinical usefulness model is still under development.
It is anticipated that continued development could provide
the detailed information required of an anatomically based
hyperthermia treatment planning system. Indeed, a project is
underway in our laboratory to assess the temperature distribu-
tion produced by interstitial sleeved-slot antenna arrays using
the finite-difference formulation of the bioheat transfer equa-
tion. It is our hope that the computer simulations of induced
temperature distribution together with animal experimentation
will help us to arrive at an optimal set of conditions for a
sufficiently uniform temperature distribution in the near future.
Nevertheless, it should be mentioned that SAR distribution
is the instantaneous microwave power deposition that causes
tissue temperature to rise and, under normal circumstances,
SAR is not impacted by the list of factors that influence the
dynamics of temperature distribution.

V. CONCLUSION

Through computer simulation and experimental measure-
ment, we have investigated equilateral triangular and hexagonal
arrays of sleeved-slot interstitial microwave antennas to pro-
duce SAR distributions. For 2450-MHz operation of three

sleeved-slot antennas with equal amplitude and phase, an
array spacing of 15 mm would provide a more uniform SAR
distribution when compared to both smaller or larger array
spacings. Moreover, the region of elevated SAR is inscribed by
the width of the antenna arrays and extends 35 mm in length
to include the distal antenna-tip region. In addition, results
indicate that a hexagonal array configuration of either six or
seven sleeved-slot interstitial antennas could provide elevated
SARs in brain tissues. Since the six-element configuration uses
one less interstitial antenna with comparable SARs, it offers a
better scheme for hyperthermia treatment of brain tumors.
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