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Three-Dimensional Electromagnetic Power
Deposition in Tumors Using Interstitial
Antenna Arrays

CYNTHIA M. FURSE and MAGDY F.

Abstract—Interstitial arrays of insulated antennas have shown
promise for microwave hyperthermia treatment of deep-seated tu-
mors. Available analytical techniques for predicting the electromag-
netic (EM) power deposition of these antennas have been limited to the
case of a homogeneous conductive medium surrounding the array.
Since tumors and host tissue may differ in their electrical characteris-
tics, it is necessary to consider the impact of this variation in electrical
properties and the geometry of the tumor in the calculation of the EM
field distribution and power deposition pattern when modeling inter-
stitial antennas.

In this paper a three-dimensional model of a tumor of arbitrary
shape subjected to the fields of an interstitial antenna array is devel-
oped to predict the EM power deposition in an inhomogeneous tumor-
tissue medium. The volume integral equation for the imbedded tumor
is developed and solved by method of moments. The incident fields are
calculated based on the available formulation of interstitial antennas
in homogeneous media. The accuracy of the developed computer code
was checked by comparing the results from the volume integral ap-
proach with the Mie solution for the special case of spherical tumors.
Good comparison was obtained for tumors with properties approxi-
mately 25 percent different from those of the surrounding tissue. Com-
parisons of results from models of antenna arrays with and without
imbedded tumors show significant differences in their predictions of
the EM power deposition in the tumor.

Hyperthermia protocols generally specify uniform temperature dis-
tribution within the tumor. The developed inhomogeneous model was
used to examine the feasibility of controlling the uniformity of the power
deposition pattern in large tumors by adjusting the amplitude or rel-
ative phase between the array elements. Results are presented to show
that a phase lead of +90° or relative amplitude of 4.0 on one antenna
in a square array of four antennas could be used to shift the power
deposition pattern to sequentially heat outer portions of a 2 cm diam-
eter tumor, thereby achieving a more uniform time-averaged temper-
ature distribution in the tumor.

l. Introduction

| NTERSTITIAL arrays of insulated antennas have

shown promise for microwave hyperthermia treatment
of deep-seated tumors. This method of invasive hyper-
thermia has recently generated increased interest because
of its compatibility with invasive radiation therapy and
other surgical procedures. Invasive hyperthermia is par-
ticularly well-suited for heating deep-seated tumors, as it
overcomes the problems of low penetration depth and sur-
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face burns associated with many other (noninvasive)
methods [1]—5].

Therapeutic application of invasive hyperthermia re-
quires an understanding of the expected temperature dis-
tribution in the tumor and surrounding tissues. This can
be accomplished by calculating the electromagnetic power
deposition pattern and then using it in the Bioheat equa-
tion to predict temperature distribution [6]. Available an-
alytical techniques for predicting the electromagnetic
(EM) power deposition of interstitial antenna arrays have
been limited to the case of antennas imbedded in homo-
geneous media [7]. Since tumors and host tissue may dif-
fer in their electrical properties [8]—f12], it is necessary
to consider the impact of this variation in electrical prop-
erties and the geometry of the tumor on the EM field dis-
tribution and their resulting power deposition.

In this paper a three-dimensional model of a tumor of
arbitrary shape subjected to the fields of an interstitial an-
tenna array is developed to predict the EM power depo-
sition in an inhomogeneous tumor-issue medium. The in-
cident fields on the tumor are calculated using the model
developed by Trembly for an interstitial array of insulated
antennas immersed in a homogeneous medium [7], The
volume integral equation for the scattering from the tumor
is then developed and solved by method of moments. The
accuracy of the solution was checked by comparing the
results obtained using the volume integral approach with
those calculated from the Mie solution for the special case
of spherical tumors. Good comparisons were obtained,
and results for a variety of tumor geometries were then
calculated. Comparison of the results from models of an-
tenna arrays with and without imbedded tumors show sig-
nificant differences in their predictions of the EM power
deposition.

Furthermore, since hyperthermia protocols generally
specify uniform temperature distribution within the tu-
mor, we used the developed inhomogeneous model to in-
vestigate changing the relative phase between various ele-
ments of the antenna array to shift the power deposition
pattern and sequentially heat outer portions of large tu-
mors, thereby achieving a more uniform time-averaged
tumor temperature distribution.

The developed numerical model will be described in
Section II, its accuracy will be validated in Section IlI,
and results from a variety of tumor models will be dis-
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cussed in Section IV. Data showing the effectiveness of
changing the phase between the array elements to control
the power deposition pattern will be presented in Section
V.

Il. Development of Numerical Model

It is desired to develop a three-dimensional model of a
tumor of arbitrary shape, with relative permittivity er(r)
and conductivity a(r), imbedded in a host tissue with
electrical properties eml and ffext, and surrounded by an
interstitial antenna array as shown in Fig. 1. The eifect of
scattering by the tumor can be obtained by replacing the
tumor with an equivalent current source 7eq where

7eq(r) = r(r)E(r)
= [(a(r) -

L)+ 7we0(er(r) - erext)]£(r).

0:

The first term in (1) is the conduction current term, while
the second term is displacement current, and E{r) is the
electric field within the tumor.

The scattered field from the tumor may be expressed in
terms of 7eq using the tensor Green’s function G(r, ?').
Since it will be necessary to evaluate this field inside the
tumor where singularity and uniqueness problems exist,
the form given by Van Bladel [14] is used. The scattered
field is then expressed

MC')

Es(r) = PV 1 ieq(r) « G(r, r') dv' - (2)
3/wefxt
where
G(r 1) = -jabg 1+ \lg Srry @)
t
AT = exp (-Axt|~r~: r' @)

4ir r - r

£t E(JeM+JAext
rivi wel

ext w VMo £ext) .

fiQis the permeability of free space, and PV denotes the
principle value of the integral as defined by Van Bladel
[14].

The total electric field within the tumor can then be
written as the sum of the incident electric field E “ and the
scattered electric field Es. Thus,

E(r) = E*(f) + Es(n). (5)
Substituting (1) and (2) into (5) and rearranging terms

gives the volume integral equation for the inhomogeneous
model [13]

O By - Pyt
3/we*J JV

1+ r(r')E(I

G(r,r') dv' (6)

Fig. 1. Tumor of arbitrary shape with electrical properties er(r) and a(r)
imbedded in host tissue (er,,, a,t) and heated by an interstitial antenna
array.

This integral equation can be transformed to a matrix
equation using the method of moments [13], The tumor
is subdivided into N cubical cells which are chosen suffi-
ciently small that t(?) and E(r) may be assumed to be
constant in each cell. Equation (6) may then be written as

3 N
qE:1nZ:1G 1 XEXY(rn)
m=1 2,3, mee
= -EUTJ, (7)
p =123
where g and p are indexes for the rectangular coordinate
system with p, g = 1 corresponding to x direction, 2 to y
direction, and 3 to z direction.
is evaluated for nonself-cells (m ~ n) as

G”n _ i) kex: ~ AVrexp (- joinm)
4ttanm
< - 1 - jocm,)5pg + cos D@
cos 6'""'(3 - ai,, + 3otm)},
where

®&m “etPnmPm |~

AV,, volume of nth cell

—W - xR)
(IB% = cos
and rmand r,, are the vectors
rm= (*r, xin x&)
r, = (x| x8, x3).

For the self-cell (m = n)Gxx is evaluated using Van
Bladel’s principle value method [14] as

_ -2jw/j.0T(r,,)
W=l e
[exp (-jknlan)( 1 + jkexa,,) - 1]
r(rn
37«ed« ©)
where an = (3AK,,/47r) 13

1+
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The incident field E' is the field produced by the an-
tenna array and has been developed by Trembly for an
array immersed in an homogeneous conducting dielectric
[7], Neglecting the coupling between the antennas, he ob-
tains fields at any point by vector summation of the fields
from each individual array element. The fields from a sin-
gle insulated antenna were originally developed by King
et al. [15].

Each insulated antenna of half-length h is assumed to
be made up of a center conductor (assumed perfectly con-
ducting) of radius a and a surrounding dielectric insula-
tion of radius b and relative permittivity er2. The fields
from a single insulated antenna immersed in a conducting
dielectric with relative permittivity et and conductivity
(Bxt are given in Appendix A.

For our model it is assumed that the antennas have suf-
ficiently thick insulation to make them well-enough in-
sulated from their surroundings that the scattered field
from the tumor does not affect the current distribution on
the antenna, and hence the incident field may be assumed
unaltered by the tumor and independent of the scattering
process. It is also assumed that array elements are spaced
sufficiently far apart that coupling between them may be
neglected. The validity of these assumptions will be ex-
amined in detail in Section Ill of this paper.

Upon solving (6) using the method of moments, the to-
tal electric field in each mathematical cell within the tu-
mor is calculated. The EM power deposition is then re-
lated to the fields at any point by the specific absorption
ratio (SAR) = 0.5a\E \2 where a is the conductivity at
the point of interest.

IIl. Verification of Results

The accuracy of the developed three-dimensional block
model was checked by comparing it with the analytical
Mie solution for spherical scatterers [16]. A 2 cm diam-
eter sphere of complex permittivity er = 1.362, a =
0.002936 S/m placed in air (¢,, = 1.0, a = 0.0), and
illuminated by a 1V/m plane wave at 915 MHz was nu-
merically modeled by cubical cells. The properties of the
sphere were chosen to represent the relative difference be-
tween normal brain (er = 42.047, a = 0.877), and mus-
cle tissue (er = 55.0, a = 1.45) representing the tumor.
The first model used was a 512-cell 2.0 x 2.0 x 2.0 cm3
cube. Use of symmetry allowed calculations of fields to
be made in only one octant of the system, requiring 64
cells for computation. Results for |[£ | along the axis of
the sphere parallel to the incident wave are shown in Ta-
ble 1. The volume integral approach and Mie solution
show good agreement, differing by less than one percent
near the center of the sphere and by less than seven per-
cent at the outer edges of the sphere.

In the second numerical model, excess cells at the cor-
ners of the cube used in the previous calculations were
removed to more accurately model the sphere. A total of
360 cells was then used, with the use of symmetry re-
quiring calculation in only 45 of those cells. The results

TABLE |
Comparison of miEe and vie Solutions for Calculated |E | (v./m)
Along the Axis Parallel to a 1 v/m, 915 MHz Planewave Incident
on a2 cm Diameter Conducting Dielectric Sphere (tr = 1.362,
a=0.002936) inair (er = 1.0, a =0.0).
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for this case are also shown in Table I. Superb agreement
between the analytical and numerical methods was ob-
served, with less than three percent deviation at the outer
edges.

Unlike previously published data [17], the agreement
between the Mie solution and the volume integral equa-
tion is expected because of the relatively small difference
between electrical parameters of the tumor and its host
tissue. Even in [17] serious errors were observed only for
comer cells of scatterers of radically different electrical
properties than their surroundings. Central cells showed
good agreement for all cases.

The incident fields from the interstitial array of insu-
lated antennas shown in Fig. 2 were calculated using
Trembly’s homogeneous model [7], This 3 cm square ar-
ray of four antennas (each with a = 0.333 mm, b = 1.0
mm, h = X//4 = 3.47 cm,/ = 915 MHz, e2 = 2.0) is
imbedded in normal brain tissue which has erd = 42.047
and det = 0.877 S/m at 915 MHz [7], The resulting val-
ues for |£|2are shown in Fig. 3 as a function of vertical
distance (z) from its central plane. Values forz = 0 agree
with those originally reported by Trembly [7],

The stability of the method of moments numerical
model may be checked by evaluating the sensitivity of the
obtained results to subdividing in mathematical cells [17],
The model used for this verification is shown in Fig. 4.
The 1.2 x 1.2 x 1.2 cm3cubical tumor (er = 55.0, a =
1.45 S/m, Awnor = 4.3 c¢cm) is imbedded in normal brain
tissue (et = 42.047, aet = 0.877 S/m at 915 MHz)
and heated by the array shown in Fig. 2. The tumor is
originally made up of 27 cubical cells, each with side
<0.1* Xtundr = 0.4 cm. Fig. 5(a) shows the normalized
SAR distribution in the 27-cell model of the tumor.

The center cell is then subdivided into eight cubical
subcells, each with side = 0.2 cm, so that the original
volume of the tumor remains unchanged. The normalized
SAR distribution for this case is shown in Fig. 5(b). There
is less than one percent variation between the calculated
SAR values in the subdivided cells and the corresponding
undivided cell in the original model. Also less than one
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diagonal transect
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Fig. 2. 3 cm square array of four insulated antennas each with a = 0.333
mm, b = 1.0 mm, e2 = 2.0, h = XL/4 = 3.47 cm,/ = 915 MHz
imbedded in a material with em = 42.047. aet¢ = 0.877 S/m.
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Fig. 3. |[£]|2(V2m2) for interstitial antenna array shown in Fig. 2.
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Fig. 4. A cubical tumor (1.2 x 1.2 x 1.2 cm3) irradiated by the 3 cm
square array of four antennas, shown in Fig. 2. etn = 42.047, aex =
0.877 S/m, er.... = 55.0, a,,mr = 1.45 S/m. ™

percent change is observed in calculated SAR values in
neighboring cells.

Next an external cell was subdivided, again into eight
subcells with sides = 0.2 cm. The calculated normalized
SAR distribution is shown in Fig. 5(c). The largest vari-
ation observed between SAR values in any subcell and the
original undivided cell is eight percent. The averaged SAR
for these eight subcells in within two percent of that cal-

BB
2 0 B 2 0
BB
2 10 @
© 0 @ B N0
- 0 D /0
B & 13
h—14m_y
@
.73.8:—3
y
Tz=o .Aaz .90 .82
z=-0.4cm _.E .90 .84 [.73 .82 .73

S
.7 .84 .73 1.9051.0 .90— x

84 .9d .54 |.80 .99 .69 =0-1en
i B I iy Bl /.99.99

.74.82 .79 p—1.2cm—| ’:g -;° .94 .99
99 .99
A/
Gty

(b)
388 .73
& &
DY BB
+ g,3 102

RO DDH v asese
B2 7 flam 292

2:0.3¢cm
.95 .95 | .83 .83

.95 .95
Io
73 8_’;’- 73]
.82 .90 .82
8 90 « é.g/ﬁ 82| .73
men 0109 -
DY 0DXD.

/ z=0.5cm

Fig. 5. Normalized SAR (W /kg) distribution in a cubical tumor block
model (1.2 x 12 x 1.2 cm') irradiated by the 3 cm square array of
four antennas shown in Fig. 2. er,, = 42.047, €K - 0.877 S/m, eino
= 55.0, atunor = 1.45 S/m. (a) Original cubical tumor model, (b) Tumor
model with subdivided center cell, (c) Tumor model with subdivided
edge cell, (d) Tumor model with subdivided comer cell.

culated in the original undivided cell, and the SAR values
in neighboring cells are altered by less than one percent.

Finally, a corner cell was subdivided. The calculated
normalized SAR distribution is shown in Fig. 5(d). SAR
values in individual subcells differ from the original un-
divided cell by as much as 16 percent, but the average
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SAR for all eight subcells is within one percent of that
calculated for the original undivided cell. SAR values in
neighboring cells are altered by less than one percent.

These observations at a glance seem to contradict ear-
lier observations regarding the ability of the block model
to predict SAR distribution [17], This, however, is not
the case simply because even in [17] the subdivisions of
the mathematical cells provided accurate results unless
these cells were at interfaces or comers between media of
very large discontinuity in electrical properties. It is ex-
pected and consistently shown that for convergent solu-
tions subdivisions of mathematical cells provide slight al-
terations in the results such as those reported here. We
can conclude that the results from the block model are
accurate for our case because the electrical characteristics
of the modeled tumor and its host tissue differ by approx-
imately 25 percent which is not a radical change in prop-
erties.

IV. Results

Two basic assumptions were made when determining
the incident fields from an array of insulated antennas.
The first was that the antennas are “sufficiently insu-
lated” from their environment that their radiated fields
(incident on the tumor) are unaffected by the scattered field
from the tumor. An examination of the effect of varying
external medium and the thickness of the antenna insula-
tion on the input impedance of the antenna determines
what insulation thickness is necessary to support this as-
sumption. As shown in Fig. 6, a ratio of insulation to
conductor thicknesses ratio (b/a) of 3.0 ensures less than
five percent change in input impedance even for signifi-
cant changes in the external medium. Fig. 6 shows an
insulation to center conductor ratio of 1.5 would be suf-
ficient for the validity of this assumption. Since the input
impedance of the antenna is the most sensitive measure
of its susceptibility to the environmental changes, it fol-
lows that the current distribution will remain unchanged,
and hence the radiation pattern will not be altered signif-
icantly if the input impedance remains nearly constant. It
is also assumed that a tumor, which is a finite change in
external medium, will affect the antenna properties even
less than immersing the antenna in a completely different
medium.

The second assumption regarding the incident fields is
that the antennas are “ sufficiently” far apart that coupling
between them may be neglected. This assumption is valid
if the antennas are sufficiently spaced that the field inci-
dent from one another is small. Fig. 7 shows the normal-
ized incident field from an insulated antenna with param-
eters h = 3.47 cm, a = 0.333 mm, b = 1.0 mm, en =
2.0,/ = 915 MHz, edd = 42.0, a4 = 0.88 S/m. At a
distance d = 3 cm from the antenna, the field has atten-
uated to ten percent of its maximum value. Thus, 3 cm
should be “sufficient spacing” so that coupling between
two antennas in a 3 cm array may be neglected.

To compare the fields predicted in the tumor using
Trembly’s homogeneous model [7] and the developed
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Fig. 6. Effect of changing the ratio of antenna insulation to conductor
thickness (b/a) and external medium on |Z0] of insulated antennas, a
=0.333 mm, b = 1.0mm, h = At/4 = 3.47 cm,/= 915 MHz, tR2 =
2.0. (a)er,, = 30.0 €<t = 0.0; (b) c,,, = 42.047, 9ex, = 0.877 S/m; (c)
= (rm = 55.0, olumor = 1.45 S/m.
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Fig. 7. Normalized |£ | as a function of distance from a single insulated
antenna (h = 3.47 cm, a = 0.333, b = 1.0 mm.

Fig. 8. A cubical tumor (1.0 X 1.0 X 1.0 cm3) irradiated by a 3 cm square
array of four antennas, (a = 0.333 mm, b —1.0mm, h = \L/ 4 = 3.47
cm,/ = 915 MHz, e2 = 2.0), er,, = 42.047, oed = 0.877 S/m, er_
= 55.0, atum, = 1.45 S/m.

three-dimensional inhomogeneous model, the system
shown in Fig. 8 was used. The 1.0 x 1.0 x 1.0 cm3
cubical tumor is heated by the square antenna array shown
in Fig. 2. The physical symmetry of the system allows us
to reduce the size of the matrix equation by calculating
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Fig. 9. |£]2(V 2/m 2) distribution in one octant of a cubical tumor (1 x
1 x 1cm3) irradiated by a 3 cm square array of four antennas, (a =
0333 mm, b = 1.0 mm, h =\lW4 = 347 cm,/ = 915 MHz, e2
2.0. e = 42.047, aet = 0.877 S/m.)

the fields in only one of the eight tumor quadrants. Fields
in the remaining cells are obtained by symmetry.

The calculated distributions of normalized SAR for
three different tumors with era= 42.047, oa= 0.877 S/m;
etb = 31.54, ah = 0.877 S/m; and erc = 42.047, ac =
0.6575 S/m properties are shown in Fig. 9(a)-(c). These
tumors are not meant to represent specific biological tis-
sues, but rather have electrical properties which are either
the same as those of the external medium [Fig. 9(a)] or
25 percent different, in real part [Fig. (b)], or in a [Fig.
(c)] from those of the external medium (et = 42.047,
aet = 0.877 S/m).

SAR predicted in the tumor using the homogeneous
model (no tumor present) is numerically equivalent to
having a tumor with the same electrical properties as the
external medium so for case (a) normalized SAR distri-
butions predicted by the homogeneous and inhomoge-
neous model were identical. As the electrical properties
of the tumor and its host tissue diverged, the SAR distri-
butions predicted by the two models became different.

The following trends were observed:

1) Decreasing the permittivity of the tumor relative to
the host tissue (ert = 42.047, aet = 0.877 S/m) in-
creased normalized SAR, as seen comparing Fig. 9(a)
with (b). A 25 percent decrease in permittivity produced
an 11 percent increase in SAR-averaged over the tumor.

2) Decreasing the conductivity of the tumor relative to
the host tissue produces an increase in SAR as seen by

o ‘el

Fig. 10. Normalized SAR distribution in one octant of a 2 cm diameter
tumor irradiated by a 3 cm square array of four antennas, (a = 0.333
mm, b = 1.0mm, h = 3.47 cm,/ = 915 MHz. 2= 2.0, ert, = 42.047,
<7t = 0.877 S/m. eijg = 55.0, in)r = 1.45 S/m.)

Fig. 11. Normalized SAR distribution in one octant of a 1 cm diameter
tumor irradiated by a 3 cm square array of four antennas, (a = 0.333
mm, b = 1.0 mm, h = Xt/4 = 3.47 cm./ = 915 MHz. erl = 2.0.

= 42.047, a,,, = 0.877 S/m, en... = 55.0, owm,, = 1.45 S/m.)

comparing Fig. 9(a) and (c). Since the power_absorbed is
proportional to conductivity (SAR = 0.5a |£ [|" this in-
crease offset the expected decrease in power absorption.
A 25 percent decrease in conductivity produced an aver-
aged four percent increase in normalized SAR and there-
fore a 21 percent decrease in actual power absorption.

Hyperthermia protocols generally specify uniform tem-
perature distribution within the tumor. To examine nu-
merically the possibility of producing uniform power dep-
osition patterns in large tumors we utilized the
inhomogeneous model with a 2 cm diameter (approxi-
mately) spherical tumor with cross sections shown in Fig.
10. Symmetry is applied to allow reduction of the size of
the resulting matrix equation by calculating fields in only
one of eight quadrants. The obtained normalized SAR dis-
tribution is shown in Fig. 10 for a tumor with electrical
properties er = 55.0 and a = 1.45 S/m and imbedded in
normal brain tissue (emd = 42.047, aet = 0.877 S/m) at
915 MHz. It is heated using the antenna array shown in
Fig. 2 (a = 0.333 mm, b = 1.0 mm, h = X/ /4 = 3.47
cm,/ = 915 MHz, with the dielectric constant of the in-
sulation, en = 2.0). The power absorption in the center
of the tumor is calculated to be as much as 55 percent
greater than in its periphery, which represents a highly
nonuniform heating pattern within the tumor.

The excess power deposition in the tumor core ob-
served in a 2 cm-diameter tumor can be compared to that
of a 1 cm-diameter tumor with cross sections shown in
Fig. 11. This tumor has electrical properties er = 55.0
and a = 1.45 S/m and is imbedded in normal brain tissue
with e, t = 42.047 and aet = 0.877 S/m at 915 MHz. It
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Fig. 13. Normalized SAR distribution in one quadrant of a 2 cm diameter
tumor irradiated by a 3 cm square array of four antennas shown in Fig.
2. €, = 42.047, «,, = 0.877 S/m, crud = 55.0, aedemd = 1.45 S/m.
@/ =300 MHz,hz kL/4 = 9.35 cm. (b)/ = 600 MHz, h = kL/4 =
5.03 cm.

is irradiated by the 3 cm square array shown in Fig. 2 and
described above. The resulting normalized SAR distri-
bution is shown in Fig. 11. This smaller tumor has nor-
malized SAR as much as 20 percent higher in its core than
in its periphery. This represents proportionally less excess
core heating than in the larger tumor.
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Part of the reason for the inadequate peripheral heating
of large tumors by the array shown in Fig. 2 is that, be-
sides high fields around each antenna, the incident field is
maximum at the tumor center due to constructive inter-
ference between the fields of the array elements and de-
creases rapidly toward its edges as can be seen in Fig. 3.
Reducing the driving frequency of the antennas provides
a more uniform incident field within the tumor as shown
in Fig. 12.

The effect of reducing the driving frequency on the uni-
formity of the power deposition in large tumors is exam-
ined using the same 2 cm-diameter (approximately)
spherical tumor originally shown in Fig. 10. This tumor
has er = 55.0 and a = 1.45 S/m, is imbedded in host
tissue having et = 42.047 and sext = 0.877 S/m, and is
irradiated by the 3 cm square array shown in Fig. 2. Nor-
malized SAR distributions for frequencies/ = 300, 600,
and 915 MHz are shown in Figs. 13(a), (b), and 10, re-
spectively. The power deposition pattern is most uniform
for/ = 300 MHz which has at most 20 percent higher
SAR in the core than periphery, compared with 30 percent
for 600 MHz and 55 percent for 915 MHz.

Although decreasing the driving frequency does pro-
vide a more uniform power deposition in the tumor, it has
the significant drawback of requiring longer antennas
which may be physically unfeasible. At 300 MHz, for in-
stance, a quarter-wave antenna has a half-length h = \ L/4
= 9.35 c¢cm, compared with 3.47 cm for 915 MHz. The
following section examines an alternative approach for
achieving uniform heating of large tumors.

V. Controlling the Power Deposition Pattern
using Phase and Amplitude Steering in an
Interstitial Antenna Array

A possible method to provide more uniform tempera-
ture distribution within large tumors without decreasing
driving frequency and hence increasing the antenna length
is to steer the electromagnetic energy around the periph-
ery of the tumor, heating several smaller sections of the
tumor in sequence. Two methods of steering electromag-
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netic energy within interstitial antenna arrays were ex-
amined—varying the relative phases of the antenna-driv-
ing-point voltages, and varying the relative magnitudes of
the feed voltages. The effect of varying the phases of two
antennas in a 2 cm square array has been studied by Trem-
bly [16].

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 36, NO. 10, OCTOBER 1989

)000.00

3000.00

3000.00

7000.00 +—

5000.00 (-~

5000.00 |~

4000.00 VYol =4.0

3000.00

2000.00

1000.00

1 vol =f.0
0.00 ol ! vol = L 1

OSIANE AQG DG TRANECT ()

Fig. 16. \E |2(V "/nr) for interstitial antenna array shown in Fig.
function of magnitude of driving voltage on antenna no. 1

2asa

The effect of changing the phase of one antenna in the
array (Fig. 2) on the incident fields is shown in Fig. 14.
The electromagnetic energy shifts toward the phase lead,
and a +90° phase change shifts the energy about 1 cm
toward the leading antenna. This shift is sufficient to al-
low sequential heating of a 2 cm-diameter tumor. The re-
sult of this +90° phase change on the large tumor previ-
ously examined in Fig. 10 can be seen in Fig. 15. Steering
with +90° on one antenna causes the power deposition in
the external cells to be as much as 50 percent higher than
in the core cells, as compared to periphery as much as 55
percent lower than core for no steering.

The possibility of further steering the power deposition
by altering the magnitude of the driving point voltage was
also examined. The effect of changing the voltage mag-
nitude on the no. 1antenna in the array (Fig. 2) is shown
in Fig. 16 for two cases where voltages in antenna no. 1
were two and four times the values on the remaining ele-
ments of the array. Fig. 16 shows that amplitude modu-
lation is capable of noticeably steering the power depo-
sition pattern. Because of the required large changes in
the magnitudes of the applied voltages and the need to use
attenuators for this purpose, the process of achieving pat-
tern steering using magnitude variation is less desirable.

VI.

Conclusion

In this paper we have presented a three-dimensional nu-
merical model for analyzing the electromagnetic power
deposition pattern in a tumor of arbitrary shape and elec-
trical properties being heated by an interstitial array of
insulated antennas. It was assumed that coupling between
the antennas could be neglected and that the antennas were
sufficiently insulated so that the scattered field from the
tumor would not affect their radiation patterns.

Results were presented to show the need to include the
effects of the geometry and electrical properties of the tu-
mor in modeling its absorbed EM power. Excess tumor
core heating was examined as a function of frequency and
tumor size. Methods to control the power deposition pat-
tern by varying the phase or driving point voltage of one
antenna in the array were also examined and their use for
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sequentially heating small portions of large tumors was
discussed.

Future modeling efforts should include the effects of
coupling the antennas to allow array spacing to be de-
creased and to include the impact of the scattered field
from the tumor on the radiation pattern of the array. The
numerical model could also be improved by using more
complex basis functions than the pulse basis expansion
function to provide quantitatively more accurate results
with improved computational efficiency. Research efforts
are underway to implement some of these aspects in our
future calculations.

Appendix A

Fields of an Insulated Antenna

A simple insulated antenna is shown in Fig. 17. It is
made up of an inner conductor (assumed perfectly con-
ducting) of radius a and half-length h surrounded by in-
sulating dielectric of radius b and permittivity en. This is
imbedded in a conducting dielectric medium with electri-
cal properties e.dMand aext. The fields outside the antenna
given by [10] as

Eazlp, 2) = 4t sin k,h 1-

sin kL(h - z")[t{z, z")

+t{z, -2)] dz + gy iz, )

+ Mz, )

—2\p(z, 0) cos kLh]

_ j~ 1o \kLp
Edp(p, 2) = —
p(p. 2) 4ir sin kth A cos kL(h —z")
(A1)
(A.2)

Constants used in (A.l), (A.2), and (A.3) are given by

k2 — a>( /*0eOer \>/2

oo( 60(cm)~2

R, = [(z- z'f + p2l,In

k4 ki

Ri = [(z +zf + p2if2
9jkiR\ GkaR2

t(z, z") Rx

The driving point current is

o = VolZo- (A.3)

2a
o
+h -
Inner 2 |7
conductor >
*
Insulation >
@ | 7]

4 =/

Fig. 17. Insulated antenna.

For e Jrtime dependence, the input impedance Z0is given
for a dipole antenna by

Z0 = 2jZ, cot kLh (A.4)
where
| WA
Zr = in (b/c AF1- .
"7 22 Lin ( +n"F] (A-5)
[in (b/a) F]l/2
in a) +
KL = (A.6)
[in (b/a) + nJ4F] ~
nz = k-1/k}
H"jhb)
kdbH\I){k4b)"
This analysis is subject to the constraints
\k4/k2 » (k2b) « and » bl
Rl » b2

The integrals in (A.l) and (A.2) are obtained numerically
using Gauss-quadrature integration with 48 points. It
should be noted that the fields at or very near the surface
of the insulation were obtained using spline interpolation
procedure similar to that described in [7]. In this proce-
dure the very near fields p < 2b in the ambient medium
were fit by a spline to the fields inside the insulation
through the application of the boundary conditions. .
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