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Three-Dimensional Computer Simulation in
Deep Regional Hyperthermia Using the
Finite-Difference Time-Domain Method

DENNIS SULLIVAN

Abstract — The finite-difference time-domain method is used for detailed
three-dimensional simulation for applications in deep regional hyperther-
mia. The ability to simulate S4R patterns from the near field of prototype
applicators is demonstrated by comparison with measured data. The method
is also used fo simulate treatments on commercially available equipment by
using a detailed model of a cancer patient constructed from computerized
axial tomography scans. The model has 1 cm resolution and consists of
347751 cells. The method is further used to anticipate results of treatments
with prototype applicators.

1. INTRODUCTION

N THE FIELD of radio frequency (RF) hyperthermia,

computer simulation has been used to some extent for
device evaluation or for anticipating the effectiveness of a
treatment. Most simulation techniques have been two-
dimensional [1]~[3]. Recently, more realistic three-dimen-
sional modeling has begun to appear [4], [5]. In this paper,
the finite-difference time-domain (FDTD) method [6] is
used as a means of obtaining realistic three-dimensional
simulations in several phases of deep regional hyperther-
mia: new applicator design, treatment planning, and com-
parison of prototype applicators with commercially avail-
able equipment.

Thus far, no completely acceptable method is available
to selectively heat deep-seated cancer tumors. The annular
phased array (APA) [7], [8] is presently the most widely
used method. The APA concept employs a group of aper-
ture or dipole applicators arranged in an annulus. The
patient is positioned in the annular opening. It is hoped
that the configuration of the applicators will result in
constructive interference of the dominant E field within
the patient. Such a method involves the use of large
amounts of power, which heat good tissue as well as
tumor. The resulting stress and pain to the patient often
prevent the completion of a satisfactory treatment. Recent
developments offer the possibility of steering the peak of
the E fields by manipulating the amplitude and phase of
the individual applicators [2], [4]. However, the very com-
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plex fields that result within an inhomogeneous human
body will invariably hinder such an approach.

An attractive alternative to a fixed annular array is the
use of several discrete applicators, which could be placed
on the patient in such a way that the energy would be
more effectively directed to the tumor site. Such a method
might result in less net power deposited in good tissue;
hopefully, therapeutic temperatures within the tumor could
be achieved with less stress to the patient. The disadvan-
tage to such a method is the increased possibility of skin or
outer tissue burns at the site of the applicator.

The development of new applicators is hindered by the
fact that the body being treated is in the near field of the
applicator, which affects the performance of the applicator
itself. This makes the predicted performance of a new
applicator by analytic methods almost impossible. Re-
peated construction and testing of new applicators by trial
and error are time consuming and expensive.

This paper presents the possibility of using computer
simulation to design new applicators. Using Cray XMP
and Cray II supercomputers, the FDTD method is used to
predict the detailed near field of RF applicators. Proto-
types have been built, and good correlation has been found
between predicted and measured specific absorption rate
(SAR) distribution.

In addition, this same method is demonstrated for use in
treatment planning. Using data from computerized axial
tomography (CAT) scans of cancer patients, a treatment
using a commercially available device, the Sigma-60 appli-
cator of the BSD-2000 Hyperthermia System, can be simu-
lated. For comparison, a treatment using the new proto-
type applicators can also be simulated.

II. DESCRIPTION OF THE METHOD

The method used to calculate the EM fields from RF
applicators is the FDTD method. FDTD is a time-
domain method which positions the E and H vectors
around a unit cell (Fig. 1), a concept first proposed by Yee
[9]: The addition of radiation boundary conditions [10] and
sinusoidal wave source/observation conditions [11], [12]
made this a computationally efficient means to calculate
EM wave interactions with arbitrary structures. It has been
used extensively to calculate scattering from metallic ob-
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Fig. 1. Position of the field components about a unit cell of the lattice.
jects. Specifically, the U.S. Department of Defense has
funded studies to determine nuclear EM pulse interaction
with missiles and aircraft [12], [13]. Although it had seen
some- use in calculating EM energy absorption {14], it is
only with the advent of supercomputers that detailed cal-
culation of the EM absorption of a human body exposed
to a microwave field has become possible, ie., bodies
modeled by 5000 cells or more [15], [16].
The FDTD method is a straightforward implementation
of the time-dependent Maxwell’s equations:
ok J H o8 E. (1)
—+J=v X - —=v X
“o 1TV or ¥
These vector equations can be written as six separate
partial differential equations, one of which is
JE, dH, 0JH, . )
at e\ dx Ay 78z | :
This, in turn, can be written as a difference equation for
implementation on a computer:

EZ(I,J,K)=CAZ(1,J,K)*EZ(I,J,K)+
CBZ(I,J,K)*[HY(I,J,K)-HY(I-1,J,K)
+HX(I,J-1,K)-HX(I1,J,K)] (3)

where 1, J, K represent position in the x, y, and z direc-

tions, EZ, HX, and HY represent the E,, H,, and H,

fields, and CAZ and CBZ are parameters determined by
frequency, cell size, and the electromagnetic characteristics

of the material at point 1, J, K. Five similar equations are .

needed for the full representation of Maxwell’s equations.
It is assumed that the E and H vectors are positioned
around a unit cell (Fig. 1) and that the collection of these
cells form the three-dimensional lattice that contains the
problem being simulated. All the simulations reported in
this paper used a cell size of 1 cm. (Details of the method
are well documented and will not be repeated here [4], [11],
[12], [15].) The method is particularly suitable for process-

205

Dipoles |

23cm
Plastic 7 Distilled
water

housing

5cm,.

Fig. 2. Dipole applicator. The width, perpendicular to the planc of the
paper, is 9 cm.

ing on a supercomputer, because the difference equations
take full advantage of the vectorizing capability.

III. APPLICATOR DESIGN

In this section are shown the results of tests to deter-
mine the ability of the FDTD method to accurately predict
the SAR pattern of an applicator in close proximity to a
biological body. The applicator used was a simple dipole
in a plastic housing containing distilled water (Fig. 2).
Since the dipole is next to the back wall of the applicator,
the dipole is loaded to one side by water and the other side
by air. Because the lengths of the dipoles used are selected
to be on the order of a half or a whole wavelength in
water, the majority of the power goes out the front of the
applicator. The electrical stimulation of the dipole is simu-
lated by assigning the gap between the arms the values

E,=sin(2-7-n-8t) (4)

where 8t is the time increment, and n=1,2,- - -, NMAX
with NMAX being the number of iterations needed to get
a steady-state solution.

As the Maxwell equations of (1) are solved, the E and
H fields are propagated through the problem space. Typi-
cally, steady state is reached after three to five wave-
lengths. The SAR is determined in the following manner.
As the E fields are being propagated, all three E fields are
being monitored at every cell in the problem space for
positive and negative peaks. When a peak is reached, that
value is saved. The SAR is then calculated from

1
SAR(i,j,k)=5*o(i,j,k)

«(E2(i, j,k)+ E2(i, j, k) + E2(i, j.k)) (5

where E,, E, and E, are calculated from the positive and
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FDTD versus measured SAR’s for a 19 cm dipole applicator at 95 MHz. The applicator rests on a 7 cm water bolus

which is on a 1 cm slab of fat-equivalent material on the muscle phantom. Measurements are made at the fat/muscle

interface and at 1 and 2 cm depths into the phantom.

negative peaks. The phase relative to the incident E, value
can then also be determined by saving the value of » in
(4). Note that once steady state is reached, the H fields
surrounding the dipole should reflect the current distribu-
tion that would be running through the arms of the dipole.
Although the H fields are not saved everywhere, the ampli-
tude and phase of the H field next to the dipole are stored.
The reason will be discussed later.

A box containing phantom material which is approxi-
mately muscle equivalent [17] is used for device testing.
This box has 16 gauge tubes running through it, through
which temperature probes can be inserted. On top of the
phantom is a solid slab of fat-equivalent material. Temper-
ature probes are also located between the fat and the
muscle phantom. On top of the fat is another water bolus
on which the applicator is placed.

The test is conducted by using the applicator to illumi-
nate the phantom material when the thermal probes are in
place, typically for about 2 min. At the end of the test, the
rate of rise in temperature is calculated to determine the
SAR. The same problem is simulated with the FDTD
method, and the SAR patterns are compared. These simu-
lations require 3 to 6 min CPU time on a Cray XMP or
Cray II. Normally, the SAR is calculated in the FDTD
method by (5), which means that the SAR is implicitly
calculated at the center of the cell. Therefore, the FDTD
program would calculate the SAR values in the center of
the fat slab, 0.5 cm into the phantom, 1.5 c¢m into the
phantom, etc. However, for the purpose of this test, the
SAR’s in the FDTD program were determined by averag-
ing adjacent SAR values forward into the phantom. This
causes the SAR’s in the simulation to be calculated at the
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Fig. 4. FDTD versus measured SAR’s from a 13 cm dipole applicator at 250 MHz. The applicator rests on a 2 cm water
bolus which is on a 1 cm slab of fat-equivalent material on the muscle phantom. Measurements are made at the fat/muscle

interface and at 1 and 2 cm depths into the phantom.

same points they are measured, ie., at the fat/muscle
interface, at 1 cm, 2 cm, etc.

The first test was for a 19 cm dipole driven at 95 MHz.
Test results are shown in Fig. 3. Since only S4R patterns
are being tested, both the measured and calculated SAR’s
are normalized so the SAR at 1 cm depth directly under
the dipole is 100. Agreement within the muscle phantom is
good, but there is disagreement in the magnitude at the
muscle /fat interface. The lack of quantitative agreement at
the interface is not surprising. The high peak SAR’s under
the dipole are generally attributed to normal E field
components due to charge buildup on the end of the
dipole. The severe discontinuity in dielectric constants at
the fat/muscle interface causes a discontinuity in the E
fields. Since the resolution of the FDTD method is 1 cm, it
cannot detect the full impact of this phenomenon.. In this
case, the problem is exacerbated because the SAR’s are

averaged across the interface. Also, the temperature probes
at this point are lying between the fat slab and the muscle
phantom, giving the possibility of air gaps or other prob-
lems at this point. However, the simulation did predict the
“hot spot” that appears. (Even though normal E field
components create errors at boundaries with severe dielec-
tric discontinuities, the FDTD method has been shown to
be capable of correct calculations on both sides of the
boundary {15].)

In an effort to find a similar applicator that did not have
this hot spot, simulations were run for different dipole
lengths and frequencies using the same applicator housing.
(The frequencies are chosen partly on the basis of available
power supplies.) It was found that a 13 cm dipole driven at
250 MHz did not produce a high temperature at the
interface. The comparison of simulated and measured re-
sults are illustrated in Fig. 4. Once again, the agreement at
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Fig. 5. Magnetic field next to the 19 cm dipole driven at 95 MHz

(above), and the 13 cm dipole at 250 MHz. The magnetic field is an
indication of the current through the dipole.

the surface is only qualitative, but it is good enough to see
that the hot spot has been eliminated.

As mentioned above, the amplitude and phase of the H
fields next to the dipole can be determined. The tangential
components of these H fields are plotted for the 19 and
13 c¢m dipoles in Fig. 5. The tangential component of the
magnetic field next to the metal arm of the dipole is an
indication of the current running through the arms of the
dipoles [4]. Since the incident E field is known, this
presents the possibility of determining the input impedance
of the device being tested. Note that the 19 MHz dipole,
which was driven at 95 MHz, has its H field in the pattern
of a classic half-wavelength dipole. The 13 cmi dipole at
250 MHz has a shape closer to a full-wavelength dipole,
‘and a more complex phase pattern. These results are
preliminary, and the efficacy of using the FDTD method
to determine input impedance is yet to be determined.

Thus far, using only these simple dipole antennas, no
acceptable applicator for deep regional hyperthermia has
been developed. At 250 MHz, electromagnetic energy is
absorbed too quickly, and at 95 MHz there was a hot spot
near the skin surface. Of course, the 95 MHz applicator
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Fig. 6. Cross section at the prostate level of a cancer patient. Above is a
tracing made from the CAT scan; below is the digitized version that
forms the input to the FDTD program.

TABLE 1
RELATIVE DIELECTRIC CONSTANTS AND CONDUCTIVITIES
USED IN THE MODEL

Relative

Dielectric  Conductivity

Number Organ Constant (S/m)

1 Air 1.0 0.000

2 Distilled water 80.0 0.000

3 Metal 1.0 10,000,000

4 Muscle 735 .900

5 Fat/bone 7.5 0.067

6 Intestine 36.2 0.550

7 Liver 77.0 0.620

8 Kidney/pancreas 90.0 1.000

9 Prostate 73.5 .900

could still be used if a larger water bolus, say 15 cm, were
used to distance it from the skin surface. This would
eliminate the hot spot, but at such a large distance the
energy would be so dispersed by the time it reached the
body that the advantage of having single discrete applica-
tors over an APA applicator would be lost.
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Fig. 7. Position of the applicator relative to the body. The dashed lines
indicate the border of the area that was modeled for the program.

70 MHz Sigma-60

Avg. SAR

35 10

Fig. 8. Simulated treatment of a prostate cancer patient using the BSD
Sigma-60 at 70 MHz. The small circle in the contour diagram indicates
the location of the prostate. Contour interval is 5 W /kg. Average SAR
in prostate =0.518 W/kg. SAR in body =0.189 W/ kg. Average
prostate sar/avg total = 2.74.

Clearly there are problems yet to be solved. But with the
simulation techniques presented here, different antenna
configurations, different dielectric interfaces, different ap-
plicator housings, and all of the parameters associated with
the design can be simulated. This represents a substantial
savings in time over the trial-and-error construction of new
applicators.
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95 MHz Sigma-60
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Fig. 9. Simulated treatment of a prostate cancer patient using the BSD"
Sigma-60 at 95 MHz. The small circle in the contour diagram indicates
the location of the prostate. The contour interval is 2 W /kg. Average
SAR in prostate =1.86 W /kg. Average SAR in body = 0.63 W /kg.
Average prostate sar/avg body = 2.95.

IV. TREATMENT PLANNING

In this section, the results of using the FDTD method to
predict the SAR distribution using the Sigma-60 applicator
of the BSD-2000 Hyperthermia System will be presented.
The Sigma-60 is an APA applicator which uses eight
dipoles, 43 cm long, around a 60 cm diameter. The patient
modeled was a 57-year-old male with prostate cancer. Fig.
6 is a diagram taken from the patient’s CAT scan at the
level of the prostate, and the digitized version which forms
the input of the FDTD programs. The various values for
the dielectric constants and conductivities of the various
organs are presented in Table I [18]. Sixty-five such slices,
corresponding to the area between midchest to just above
the knees, form the entire input data base. Where possible,
these were taken from the CAT scans. The thighs were
constructed from a cross-section anatomy book [19]. Fig. 7
indicates the part of the anatomy which was modeled in
comparison to the position of the Sigma-60. For these
simulations, a cell size of 1 cm was used. The entire model
of the patient consists of 34751 cells. The whole problem,
which includes the Sigma-60 applicator, resides in a lattice
with dimensions 74 X 74 X 80.
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Fig. 10. Simulated treatment of a prostate cancer patient using two
19 cm dipole applicators at 95 MHz. Applicators are positioned at
anterior and posterior midline centered at the level of the prostate. The
small circle in the contour diagram indicates the location of the
prostate. Contour interval is 4 W /kg. Average SAR - in prostate =
1.74 W/kg. Average SAR in body = 0.54 W /kg. Average prostate
sar/avg body = 3.24.

Figs. '8 and 9 show the results for runs at 70 and
95 MHz, respectively. For these runs, equal amplitudes
and phases were assumed on all dipoles. The layer-aver-
aged SAR profile is plotted along with the contour dia-
gram for the layer going through the prostate. The soft-
ware also calculates the total energy absorbed by the body,
the energy absorbed in the prostate, and the ratio of the
two. (These arc listed in the captions of the figures.)
Judging by this ratio, 95 MHz would be the better fre-
quency for this treatment. Each run requires about 10
CPU min on a Cray 2 supercomputer.

The same software can be used to improve treatment
planning in the following way: Successive runs can be
made with only one quadrant (a group of two adjacent
dipoles) activated at a time. By using the recorded phase of
the FE field at the site being treated, e.g., the prostate, the
relative phase shifts among the four quadrants can be
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95 MHz 4 Dipoles
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Fig. 11.
19 cm dipole applicators at 95 MHz. Applicators are positioned at
anterior and posterior midline, and at the hips centered at the level of
the prostate. The small circle in the contour diagram indicates -the
location of the prostate. Contour interval is 6 W /kg. Average SAR in
prostate = 3.09 W /kg. Average SAR in body =112 W /kg. Average
prostate sar/avg body = 2.77.

Simulated treatment of a prostate cancer patient using four

determined to give the maximum constructive interference
of the dominant E field. This represents an advantage
over determining phase settings by simple geometric dis-
tances, because it takes into account variations in speed of
propagation from different directions due to the inhomo-
geneity of the body being treated.

A program similar to that used to model the Sigma-60
can simulate treatments using prototype applicators simi-
lar to the discrete dipole applicators described in the
previous section. The parameters describing the applica-
tors, the position and orientation of the applicators, and
the frequency, amplitude, and phase of the excitation are
set at run time. The same patient model was used. Fig. 10
shows the results using two applicators placed at the
anterior and posterior midline at prostate level. These
applicators contained the 19 cm dipoles and were driven at
95 MHz. The layer-averaged SAR indicates that the en-
ergy would be limited to a smaller area on the patient’s
torso. The contour diagram also shows that less normal
tissue would be heated. In fact, the prostate to total body
SAR ratio is slightly better than what was attained with
the Sigma-60 simulation. However, the layer-averaged SAR
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profile shows a peak about 8 cm above the prostate level,
which is in keeping with the measured peaks under the 19
cm dipole reported in the previous sections. This, coupled
with the high peak SAR’s in the contour, indicates that

satisfactory heating of the prostate gland would not be

achievable without severe hot spots at other points in the
patient. For comparison, another simulation using four
dipole applicators was run, adding applicators at the left
and right hips at prostate level. The results in Fig. 11 do
not show an advantage over the two applicators.

V. CONCLUSION

The finite-difference time-domain method has been pre-
sented as a means of obtaining realistic three-dimensional
modeling for deep regional hyperthermia. The ability of
the method to determine SAR distributions for prototype
applicators. has been demonstrated. Efforts in the future
will center on obtaining more precise measurements to
determine what accuracy can be expected, and to quantify-
ing the results, i.e., determine the magnitude of SAR’s for
a given input, as opposed to relative SAR patterns. It is
also believed that the FDTD method can determine the
input impedance of a simulated applicator, but this is yet
to be determined. Such simulation techniques present an
attractive alternative to the laborious process of trial and
error in constructing and testing new devices.

It has also been shown that the FDTD method can
handle large three-dimensional models of human patients,
making it suitable for treatment planning. A model of a
cancer patient has been constructed, and the ability of the
method to evaluate potential treatments on commercially
available equipment or with prototype applicators has
been presented. Some software development remains to
speed up the process of reading. the input data from CAT
scans. Then the ability of the method to play a role in
treatment planning on.the BSD-2000 Hyperthermia Sys-
tem can be evaluated.
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