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Optimization of SAR Distributions in Liver
and Lung Regions Irradiated by the

H-Horn Annular Phased Array
Hyperthermia System

Tianquan Deng

Abstract —This paper discusses a new type of annular phased
array system-—the -horn APA. The phase and amplitude
control of power deposition patterns for this system has been
theoretically analyzed at a frequency of 200 MHz. The formulas
for calculating the E field and SAR for this APA system have
been derived, and can be applied to other types of APA systems.
Models on computerized tomography (CT) scans from liver and
lung regions have been used for predicting optimization of the F
field and SAR patterns in the case of the relative phase and
amplitude changes. It is shown that the technique of the phase
and amplitude control of SAR patterns results in a more selec-
tive and effective heating of tumors situated eccentrically and
deeply within the body. The APA hyperthermia system described
in this paper shows great promise, and looks very useful for
developing clinical applications.

1. INTRODUCTION

NE of the greatest technical challenges so far faced

by hyperthermia researchers has been the develop-
ment of a means of selectively heating deep-seated tu-
mors. Previous reports [1] indicate that it is possible to
focus electromagnetic power directly into the deepest
regions to treat a variety of human tumors. The develop-
ment which achieves therapeutic heating in deep tumors
while sparing normal surface tissues is the annular phased
array (APA). This local noninvasive electromagnetic hy-
perthermia technique shows great promise for clinical
applications. Most applicators used for APA have taken
the form of apertures or waveguides [1]-[5]. And several
papers (e.g. [3], [6], and [7]) have been published concern-
ing optimization methods to determine the phases and
amplitudes in treating deep-seated tumors with APA sys-
tems, including three-dimensional cases [8], [9].

This paper considers the use of H-horn antennas as
applicators, and adopts a frequency of 200 MHz, which is
suitable for the deep regions of the abdomen and chest.
Attention is also given to H-horn antennas with deionized
distilled water loading.
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A new type of annular phased array system is described
in this paper, one where cach radiating element of the
APA system is an H-horn antenna. Formulas for calculat-
ing the E field and specific absorption rate (SAR) for this
APA system have been obtained. The phase and ampli-
tude control of power deposition patterns for this APA
system has been theoretically analyzed at a frequency of
200 MHz. First, the E field distributions of circular
cylindrical dielectric shells and circular cross sectional
cylindrical dielectric structures have been studied and are
compared with published results. Then models of comput-
erized tomography scans from the liver and lung regions
have been treated for predicting the optimization of E
and SAR patterns by varying the phase and amplitude of
the horn antenna’s radiation. In principle, the formulas
and numerical methods described in this paper can be
applied to other types of APA systems. The numerical
results indicate that it is possible to shift the absorbed
power patterns by electrically varying the phase and/or
the amplitude of the sources and manually moving the
positions of the horns.

II. APA SystEM

The APA, shown in Fig. 1, consists of six radiating
H-horn antennas arranged in annular form (more or less,
even multilayer antennas are acceptable). The patient is
placed inside the central opening of the antenna array
with deionized distilled water boluses filling the horns
and the spaces between the patient and the antenna
surfaces. This can improve the energy coupling from the
bolus to the body, reduce the size of the antenna, and
provide a surface temperature control to obtain uniform
heating with the distilled water for cooling. The power
losses in the water are negligible because of the low
conductivity of the deionized water. The H-horn applica-
tor has its own characteristics, which include a low level
of environmental pollution, good impedance matching
between the body and the horns, and easy motion of the
horns to adjust the array elements independently.

For simplicity, the system is assumed to be a two-
dimensional configuration in which all the parameters
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Fig. 1. APA system and its coordinate system. DH and RH give the size of the horn, and (R, §,) is the position of antenna .

vary only in the X-Y plane and the electric field is
polarized along the Z axis.

In practice, in order to control the phase and amplitude
electrically, a coherent phase and amplitude difference
can be created by varying the length of the input cable,
using high-power variable attenuators, or adopting a mul-
tichannel amplifier to be controlled by a microcomputer.

III. THEORETICAL BACKGROUND

The moment methods and the microwave scattering
theory used in this paper have been described in [10] and
[11]. It has been shown (for an exp(jw?) time depen-
dence) that the integral equation relating the total electric
field (E) at any point (X,Y) inside the body is given by

E(X,Y)+jKi/4[ [(e-DE(X.Y)

-HP(Kop) dX'dY'= EX(X,Y) (1)

where K, =2m /Ay, H{?(K,p) is the zero-order Hankel
function of the second kind, and p is given by

p=V(X-X)+(Y-Y)". (2)

EY(X,Y) is the total incident ficld from the APA sources:
6 6
EI(X7Y) = Z E = Z (Ci +jD,)
i1 1=1

(3)

where E, is the incident field from each of the six sources
polarized in the Z direction.

In Fig. 1, in the X, Y, Z, coordinate system, E, is given
by
DH /2

d
E(XoX) =4 B Xo,0) 5o HE

’ {KO[(Xi - X0)2+ Yzz]l/z} dX, (4)

where X is the distance along the X; axis, and E_,(X,,0)

is the field distribution on the edge plane of each source:
E,(Xy,0)=Eycos(wX,/DH) ‘

-exp [ - ij(,z/()\RH)] exp(—Jjo,). (5)
Here ¢, is the required phase shift, DH and RH give the
size of the horn (shown in Fig. 1; typical designed param-
eters: DH =23 cm and RH = 22 cm according to antenna

theory).
And if we let

exp(— jmXs/ARH) =1 (6)

we can get the same form as described in [3] and [4]. In
the XYZ coordinate system, C, and D, will be given by

C, = A,fDH/Z [Xcos(6,)+Ysin(6,)— R,;]
- DH/2

/p*cos(mX; /DH)[ I ( KOP)‘Sin(‘ITXiz/)lRH +¢,)
+Y,(Kop)cos(mX?/ARH + ¢,)] dX, (7)

D, = AJDH/Z [ Xcos(6,)+Vsin(8,) - R,]
~DH/2

/pxcos(mX,/DH)[J,(Kyp)cos(mX2/ARH + ¢,)
~Y(K,p)sin(7X?2/ARH + $,)] dX, (8)

where H{®(x)=J(x)— jY(x) is the first-order Hankel
function of the second kind and p is given by

o= ([ sin(8) - Yeos(0) - X

12
+[Xcos(8,) +Vsin(6)~R]*} . (9)
E;=C,+jD; and (R,,8,) is the position of antenna i.

Iz
Equation (1) can be solved numerically using the mo-
ment methods [10] by dividing the cross section into N
small cells and assuming the field and complex permittiv-

ity to be constant in each cell:
N
E,+JjK}/4 ¥ (6,~VE,[ [HY
n=1 cell”n

'(Kmen)andlIn=ErIn (m=19”.’N) (1'0)
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Fig. 2. Numerical results for the cylindrical model: () Equal phase and amplitude on all antennas; (b) Equal amplitude,
90° phase lag on antennas 3, 4, and 5; (¢) 90° phase lag and 30% amplitude reduction on antennas 3, 4, and 5.

where €, and E, are the complex permittivity and the
unknown total electric field in cell #, respectively. Using
the concept of equivalent circular cell [11], (10) can be
integrated in closed form. Hence,

g:GmnEmn=E,f1 (m=1,2,--,N) (11)
n=1
where
G =1+05j(e, —1) [ 7Koa, HP(Kya,) —2]]
(m=n) (12)
G =(0.5j7Kpa,) (€, = 1)Ji(Koa,) HP(Kop,,,)
(m#n). (13)

Then the absorbed power density or SAR in the tissues
for each cell is given by

1
SAR = =a|El*/p (W/ke) = mfeoe'|EI’/p (W/kg)
(14)

where o is the conductivity (S/m), p is the density
(kg/m?), €” is the loss factor of tissue in the cell, and f is
the operating frequency.

IV. NumericaL RESULTS aAND DISCUSSION
A. The Cylindrical Shell and Cylindrical Structure Models

First, the electric field distributions inside a circular
cylindrical dielectric shell with incident plane waves have
been calculated. It is found that these numerical results
agree very well with the exact solutions described in
Richmond’s paper [11]. Then a circular cylindrical struc-
ture placed centrally in the APA has been studied. The
homogeneous model also provides a good check on the
validity of this numerical method. The cylinder has a
diameter of 32 cm and consists of a musclelike medium
which has a real permittivity €' = 56.0, an imaginary per-
mittivity "= 90.0, a conductivity o =1.0 s/m, and a den-

Fig. 3. Liver model: The actual size of the section 33 %28 cm?2.

sity p=1.02%10° kg/m?® at 200 MHz. The cross-sectional
area is divided into 224 cells.

The E-field distributions along the diammeter dd’ are
shown in Fig. 2. It is clear that the central maximum point
of the electric field shifts significantly with changes in the
phase and amplitude of the horns.

B. Liver Model and Lung Model

Models of the liver with 329 cells and of the lung with
158 cells are shown in Figs. 3 and 4 respectively. The cell
centers are denoted by the respective tissues they repre-
sent. The properties of these tissues are given in Table I
121
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Fig. 4. Lung model: The actual size of the section is 31%27 cm?.

TABLE 1
ProperTIES OF TissUES IN THE LIVER AND LUNG
MopbEeLs aT 200 MHZz

Tissue €' e” p* 10° kg/m3
A air 1.0 0.0
B muscle 56.0 90.0 1.02
C fat 5.6 3.7 0.9
D bone 5.6 37 1.79
E spinal cord 5.0 25 1.0
F blood 63.0 90.0 1.0
G tumor 56.0 90.0 1.02
H liver 50.0 70.0 1.02
I stomach 56.0 90.0 1.02
J spleen 56.0 90.0 1.02
K distilled water 76.0 0.0 1.0
L lung 35.0 56.0 1.02

C. Discussion

The numerical results, shown in Figs. 5 and 6, where
SAR values are normalized by their maxima: 100 repre-
sented by an asterisk (), values less than 5 not pre-
sented, and tumor regions denoted by the letter G. These
figures indicate that this APA can concentrate the EM
power satisfactorily in tumor regions by properly adjusting
the phase and amplitude of incident waves from the
horns. For example, Fig. 5 shows that the normalized
SAR in the liver tumor region is nearly 40.0 with opti-
mized phases and amplitudes, while the SAR in most
normal tissues (except the surface) is less than 20.0. By
contrast, the SAR’s in these regions are 35.0 and 50.0
respectively when each horn is excited with equal phase
and amplitude. This means that the H-horn APA is
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Fig. 5. Numerical results of the liver model. (a) Optimized SAR con-
tours in the liver region (the phase and amplitude conditions are the
same as those given in part (b), curve (b) of this figure). (b) E-ficld
distributions along XX'. Curve (a) represents equal phase and ampli-
tude on all antennas: curve (b) represents 150° phase lag and 25%
amplitude reduction on antennas 3, 4. and 5 and 50% amplitude
reduction on antennas 2 and 6.

rather effective and flexible in treating deep-seated tu-
mors such as those in the liver and lungs.

If certain of the conditions discussed above are changed,
we can obtain other authors’ results. Satisfying (6) results
in the cases of apertures and waveguides [3], [4]; changing
the positions (R;,,) of the horn antennas in Fig. 1 results
in the case of limited APA [5] (corresponding to the
complete APA). But here the positions of sources are
selected to be R,=20 c¢m, 6, =@ —1)*60° i=1,-,6,
while the other cases are not presented. Therefore, the
formulas and methods of this paper can be applied to
other types of APA systems, e.g., the aperture APA, the
waveguide APA, the limited APA, and the multilayer
APA.

Power absorption is primarily dictated by the conductiv-
ity or the loss factor (eq. (14)) since the E-field distribu-
tion does not vary a great deal within the structure. In
this paper, the patient is surrounded by distilled water,
shown in Fig. 3 or Fig. 4, consisting of a circular cylindri-
cal structure, similar to Fig. 2 in geometry. The main
tissues are muscle or musclelike media; i.e., the permittiv-
ities do not vary a great deal across the structures. Hence,
similar E-field distributions but with different SAR’s in
the three models of Figs. 2, 3, and 4 are reasonable.

Similar observations have been made by Sathiaseelan
et al. [4] and Paulsen et al. [13), who found that the E
fields for three different body cross sections showed strik-
ing similarities despite their many anatomical differences,
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Fig. 6. The optimized SAR contours and distributions along BB’ of
the lung model; 180° phase lag on antennas 2,3.4,5, and 25%,15%,
15%,25% amplitude reductions on antennas 2,3,4,5.

but different electrical conductivities resulted in different
absorbed powers.

V. CONCLUSIONS

The H-horn APA system is expected to be effective
and attractive because of its ability to focus the power
deposition in the desired regions and to move the heated
regions electrically, especially in treating deep-seated tu-
mors such as those in the liver and lungs. The numerical
results indicate that a frequency of 200 MHz is appropri-
ate for treating deep and eccentric tumors. This system
has shown great promise. Of course, there will be a
number of difficulties to be overcome before the tech-
nigue can be used clinjcally.
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