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Computer Simulation and Experimental Studies of
SAR Distributions of Interstitial Arrays of
Sleeved-Slot Microwave Antennas
for Hyperthermia Treatment
of Brain Tumors
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Yu-Jin Wang

Abstract—The specific-absorption-rate (SAR) distributions pro-  treatment of brain tumors with control of spatial temperature
duced by three-, six-, and seven-element arrays of sleeved-slot in-yniformity within a centimeter [6]-[10].
terstitial antennas in brain-equivalent tissues are investigated in  Tpig paper describes, through phantom modeling experiment

this paper. Computer simulations of SAR distributions are com- . . - .
pared to experimental measurement made in a brain-equivalent and computer simulation, the use of triangular arrays of inter-

gel phantom at 2450 MHz. Results showed that a 15-mm antenna Stitial sleeved-slot microwave antennas in producing specific
spacing would produce SAR patterns with the least variation in absorption rate (SAR) in brain tissues. Vector summations of
its distribution compared to smaller or larger spacings. Moreover, - electromagnetic fields radiated from a series of infinitesimal
the region of elevated SARs is inscribed by the array and extends ;|5 are applied to calculate the SAR patterns in tissue. SAR
35 mm in length to include the distal antenna-tip region. In addi- t de in brai ivalent el phant Th
tion, results indicate that a hexagonal array configuration of either M€aSUremMents are made in brain-equivaient gef phantom. 1he
six or seven sleeved-slot interstitial antennas could provide elevated Measured and computed SAR distributions of three-, six-, and
SARs in brain tissues. Since the six-element configuration uses oneseven-element arrays are assessed using brain-equivalent tissue

less interstitial antenna with comparable SARs, it offers a better models. Note that the sleeved-slot microwave antenna is de-

scheme for hyperthermia treatment of brain tumors. signed to operate at 2450 MHz. It features improved power de-
Index Terms—interstitial hyperthermia, microwave, SAR, position at the tip and along the axial length of the antenna. The
sleeved-slot antenna, triangular and hexagonal arrays. 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
H YPERTHERMIA cancer therapy is often used in congista| tip of the antenna [1], [2], [11]. For many clinical appli-
junction with chemotherapy and radiotherapy sinCgations, existing protocols require insertion of the tip of the an-
the cytotoxic effect of antitumor drugs is enhanced and thenna well beyond the tumor boundary, creating a potential for
cell-killing ability of ionizing radiation is potentiated by ynnecessary damage or necrosis in normal tissue. (A schematic
hyperthermia [1]-{3]. Nevertheless, hyperthermia is still agiagram of a microwave interstitial hyperthermia system given
experimental treatment in the U.S. for late-stage patients wiiFig. 1).
advance or recurrent tumors, but it has gained some acceptanqgjs noted that, in clinical practice, the quantity of ultimate
in Europe and Japan [4], [3], [6]. Clinical and laboratory resuligterest is temperature distribution inside the tumor. However,
indicate that its efficacy depends on the induction ofasuff!megtAR distribution in tissue provides the driving power respon-
temperature rise throughout the tumor volume. Accordinglyiple for tissue temperature elevation over a given period of
there has been increasing interest in interstitial hypertheriigie. 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
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. o ) _ N ) Fig. 3. Measured longitudinal SAR pattern produced by a 2450-MHz
Fig. 1. Schematic diagram of a microwave interstitial hyperthermia systemgjeeved-slot antenna in a homogeneous brain tissue phantom.
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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

E, = [nIf]/2nr?)[1 + 1/ (jkr)] e~ 9% 1)
_[s . Al 2 27 o —jkr

Fig. 2. Schematic diagram of the sleeved-slot antenna. The choke sleeve Wége o Lm[ﬂ] /(2)\7 ) [1 + 1/(‘1k7) 1/(2k ! )] sin fe

short circuited at the proximal end to the coaxial outer conductor. (2)
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Il. MATERIALS AND METHODS
wherer is impedance of mediurtf?), I is current amplitude
(in amperes)/ is length of a segment (in meters),is the

The sleeved-slot antenna was configured with two circunizavenumber (1/m), and is the wavelength (in meters). The
ferential slots and a second outer conductor that served as a egitenna current was derived from measured power deposition
rent-restricting choke to prevent reflected current from flowingear the surface of the antenna.
up the transmission line and returning to the air-phantom in-By applying the above equations repeatedly and by vector
terface [11]. The choke sleeve was short circuited at the pragammation of field components emanating from each segment,
imal end to the coaxial outer conductor (Fig. 2). The miniatufge obtained the electric field at any point as
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-mFPr the equilateral trlangular array, anter_mas are assumed t_o
tip and a 1-mm junction. The SAR pattern produced in a homBa"e the same currer_wt amplitude an_d are in-phase. _The electric
geneous tissue phantom is pear shaped, about 25 mm in Ientﬁl\‘,j gt a point in the tissue was obtained by summat|o.n of con-
with enhanced power deposition toward the distal end of t,l;,rébutlons from each of the three antennas. Acor_npgta‘uonal grid
antenna (Fig. 3). The sleeve/choke matched the antenna to$%€ ©f 0.5 mm was used to perform the electric-field calcula-
coaxial transmission line and it helped to prevent reflected ciiions- The SAR was calculated by using
rents from flowing up the coaxial cable to the body surface. The . 2
SAR produced by the sleeved-slot antenna is independent of in- SAR = (o] B[7)/(2p) ©®)
sertion depth so long as the depth is greater than the ante@@reE is the electric field (volts per meter),is the density
length. of tissue (kilograms per metéds ando is the conductivity of
tissue (siemens per meter).

To avoid boundary effects on the hexagonal array computa-

The computational scheme used to calculate SAR distriltiens, the model volume was chosen to be>6®0 x 50 mm
tion assumes the sleeved-slot antenna to be a series of short &Egix- and seven-element hexagonal arrays (Fig. 4). These di-
ments. As long as each segment can be regarded as small coreAsions were three to four times greater than the intercatheter

A. Interstitial Antennas

1/2
|E]2 = |+ |Eo|)] . 4)

B. Computer Simulation
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SIX ANTENNA ARRAY POSITION TABLE |
VARIATION OF SAR (IN WATTS PERKILOGRAM) AT TWO LOCATIONS WITHIN
THE ACTIVE REGION OF EQUILATERAL TRIANGLE ARRAYS
- Longitudinal Array Spacing (mm)
Position (mm)
- 10 15 20
=
! SUR CEN CEN/ SUR CEN CEN/ SUR CEN CEN/
-~ SAR SAR SUR SAR SAR SUR SAR SAR SUR
o
g
~ 25 199 1053 5.3 422 431 10 319 115 04
=
—
%%I 30 264 1926 7.3 649 673 10 561 227 04
[
35 470 2979 63 107.4 1246 1.2 900 348 04
)
T 40 716 3723 52 127.9 1509 1.2 1131 373 03
o 45 100 2457 25 100 835 08 100 835 08
m\
! 50 167 325 20 282 125 04 134 622 05
Average 469 2077 44 784 803 09 674 377 05
Fig. 4. Configurations a six- or seven-element hexagonal array. (SUR at 1 mm from antenna surface; CEN at center of triangle array. Tip of antenna is

at 45 mm. Values shown are for SAR = 100 W/kg at 45 mm SUR.)

spacing in the transverse plane. Our experience showed that by

locating the boundaries at these distances, reflections wereggees Celsius) and the brief duration (initial 10 s) of power appli-
duced below 0.01%. The input power to each antenna was éation, respectively. Contours of constant SAR were computed
sumed to have equal amplitude and phase. SAR distributiafing linear interpolation between measurement points.

were calculated from the computed electric field using tissueln order to ascertain their relative advantages, measurements
electrical conductivity for brain tissue (2.3 S/m) [14]. In th&vere conducted for both the six- and seven-element hexagonal
case of seven-element arrays, a central antenna was addegkiigys. As shown in the following section, results from the study

the alignment. using equilateral triangle arrays indicated the 15-mm spacing
_ _ gave rise to a most uniform SAR distribution by these antennas,
C. SAR Measurement in Brain Phantom the 15-mm array spacing was, therefore, chosen for the hexag-

The brain phantom used for SAR measurement consistedodil array studies.
a glass cylinder (80-mm ID) of brain-equivalent gel dielectric
[15] immersed in a constant temperature {€) water bath. A lll. RESULTS
Plexiglas template with predrilled holes was used to guide tge
implantation of Teflon catheters (1-mm ID) to the desired depth ) )
(45 mm) in the phantom. Sleeved-slot microwave antennas and* SuUmmary of computed results for triangular arrays with 10-,
Fibroptic temperature sensors (Luxtron; 1-mm diameter) wete-» Or 20-mm spacing is given in Table |. The SAR values are
then inserted into the Teflon catheters. A triangular array wagiusted for a 100-W/kg SAR at a point 1 mm away from the
formed by locating catheters at the corners of an equilateral #ftenna surface in the tip plane (45 mm) of the antenna array. It
angle, whose spacings varied from 10 to 20 mm. can be seen that there are discernible variations in the computed

The antennas were driven in phase and the input 2450-Ma4\Rdistributionineach case. The averageratio betweenthe SAR
power was 20 W to each antenna. The higher (20 W) powerqgthe center of the trigngular array and a point 1 mm away from
used to guarantee a sufficient and necessary linear rise in tdfft antenna surface is 4.4 (2.0-7.3) for 10-mm spacing and 0.5
perature during a brief period of microwave application. A m{(0-3-0.8) for 20-mm spacing. However, for 15-mm spacing, the
cromanipulator was used to position the Fibroptic sensors ®ferage CEN/SUR SAR ratio is 0.9 (0.4-1.2) along the active
measurement of temperatures at multiple points in three dimé9th (from 25 to 45 mm) of the antenna array. Computed SAR
sions. (Sensors were moved manually with the assistance of @ributions at all cross sections for the 15-mm array showed
micromanipulator, in 5-mm steps, within the catheter lumen f§Pmparable SARs atthe array center and near the antennas. Thus,
measuring temperature at different depths.) Temperature riS@R variation is the lowest for the 15-mm array. As shown in
were monitored and recorded every second. After the experfblel, SAR (372W/kg)alongthe centerforthe 10-mmarray was
ment, temperature rise was converted to SAR in watts per kigreater than anywhere else for this array configuration, while that

Triangular Arrays

gram using the formula 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
SAR = ¢(AT/At) (6) 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
wherec is the specific heat in joules per kilogram-degrees Cdahe antenna surface for the 10-mm array, while it was the highest
sius, andA7,At are the linear transient rise in temperature (derear the antennas for the 20-mm array.



2194 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, NOVEMBER 2000

30 mm 40 mm
N N
3 LT
5 2\ % "“;
: RN EN RRER
38 TSN g Al RSN
,"' (X .0. A il ’ .." (R
sl Illp,".b,O...:,::::..- - sl T2l ,.;:::.. -

100 160

s0

SAR (W/Rg)
50 100 180 400 €50

S4R (W/Rg)

so
%
so

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 tloentral antenna, there are additional peaks near the centers of
transverse plane at 30, 40, 45, or 50 mm for 15-mm spacingtbé six virtual equilateral triangles formed by the antennas.

a triangular array is shown in Fig. 5. Note that SARs peak atA similar set of measured cross-sectional SAR distributions
the array centers. These results show relatively low SARs at the given in Fig. 10 for a six-element hexagonal array.

50-mm plane, which is beyond the tip of the antennas at 45 mmThe addition of a seventh antenna at the center gave rise to
The measured SAR distributions for equilateral triangular atemputed and measured SAR patterns for seven-element hexag-
rays of three sleeved-slot antennas spaced at 15 mm aparmbnal arrays are similar to those shown in Figs. 9 and 10, except
phantom, likewise showed peak SARs at the array center Figfdr. a higher SAR surrounding the central antenna.

Measured longitudinal SAR distributions inside the 15-mm A comparison of computed SAR distributions produced by
array at a point (2.5 mm) close to the antennas and at the arsay and seven-element configurations is given in Table Il. For
center are given in Figs. 7 and 8, respectively. Note from Fig. Both hexagonal array configurations, SAR variations are nor-
the enhanced SARs over the active region of antenna. A peaklized to that at the center of the seven-element array. Note that
appeared near the tip with a plateau region of high SAR aloimgthe center of a six-antenna array, SAR at 35 mm is higher than
the active length of the antennas and then tapering rapidly taithe other two depths shown. However, for a seven-antenna
low SAR along the transmission-line feed. As can be seen fraarray, the tip plane at 45 mm exhibits a higher value. The average
Fig. 8, SARs remain elevated over an extended length (ab@AR at the array center and range of variation produced by the
35 mm from 10 to 45 mm at the 50% SAR point) along theix-element array is slightly lower than that by the seven-ele-
central axis of the triangular array. ment array.

B. Hexagonal Arrays

o . A IV. DISCUSSION
SAR distributions in homogeneous brain tissue models have

been computed for six- and seven-antenna hexagonal array§he computer simulated and experimentally measured results
formed by 15-mm equilateral triangular arrays. In the casee in general agreement, although their numerical values were
of a six-element array, the central antenna was left out nbt always the same. In particular, SAR distributions at all cross
the catheter. The computed SAR patterns at transverse crasstions for the 15-mm array showed comparable trends for
sections 30, 40, 45, and 50 mm (which encompass the act®&Rs at the array center and near the antennas. This suggests
region) from the air-tissue interface are shown in Fig. 9 forthat a triangular array spacing of 15 mm has the least SAR vari-
hexagonal array of six antennas. The antenna tips are locatedtins for the miniature sleeved-slot microwave antennas oper-
a depth of 45 mm from the surface. It can be seen that elevatdihg at 2450 MHz. Moreover, Figs. 6 and 7 show the SAR near
SARs occur near the center of the array. Also, even without thie air-tissue interface (0 mm) is about 25% of the maximum
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Fig. 7. Measured longitudinal SAR distributions in a 15-mm equilater&ig. 8. Measured longitudinal SAR distributions at the array center inside the
triangle array of sleeved-slot antennas. The tips of the antennas are locatetbatnm triangular array.

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. Accordingly, a 15-mm array spacing is selected for studying

SAR distributions produced by six- and seven-element array
value in phantom tissue. It is significant to note that while thgonfigurations.
SAR drops rapidly toward the surface of the tissue phantom, itsIn principle, the three-element array configuration may be
distribution extends further (about 35 mm at 50% SAR) aloredvantageous for irregular tumor geometries. The triangular
the array center. Thus, the use of sleeved-slot antennas for ¢bafiguration is more easily adaptable to conform to such ge-
triangular array would produce a more uniform SAR distributemetries. For example, a hexagon is formed by a combination
tion in a volume that includes the tip of the antennas. of equilateral triangles. Thus, the 15-mm triangular array could
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Fig. 10. Measured cross-sectional SAR distributions for the six-element hexagonal array.

serve as an efficient building block to form hexagonal or other As shown in Figs. 9 and 10, there is a general agreement be-
arrays of interstitial antennas for hyperthermia treatment tfeen computer simulation and experimental measurement both
larger tumors. for six- and seven-element hexagonal arrays. The average SAR
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TABLE 1l

COMPARISON OFSAR VARIATION (PERCENTAGE) PRODUCED BY SIX- AND
SEVEN-ELEMENT HEXAGONAL ARRAYS INTERSTITIAL SLEEVED-SLOT
MICROWAVE ANTENNAS IMPLANTED TO A TIP DEPTH OF45 mm

2197

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.

Depth 6-element array 7-element array

(mm) Range of Center Range of Center
Variation Variation

25 0.00-23.6 222 0.02-38.9 16.7

35 0.02-63.8 603 0.05-92.2 43.9

45 0.00-112 299 0.03 - 116 100

Average 0.01-66.5 375 0.03 -82.4 535

Normalized to SAR in the center at 45 mm of a 7-element array.

(1]

at the array center and range of variation produced by the six—el—2]
ement array is slightly lower than the seven-element array (seé
Table 11). Since the six-element array can provide SARs nearly[3]
as high as the seven-element array, but with lower SAR varia-[4]
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 t%]
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- 7
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][,9]
[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 distrib{i0]
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 a1y
sufficiently uniform temperature distribution in the near future.
Nevertheless, it should be mentioned that SAR distributiodZ
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 thel14]
dynamics of temperature distribution.

5]

[15]

V. CONCLUSION
. . _ [16]
Through computer simulation and experimental measure-

ment, we have investigated equilateral triangular and hexagonal

. N . 17
arrays of sleeved-slot interstitial microwave antennas to pro[— ]

duce SAR distributions. For 2450-MHz operation of three
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