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Abstract—Developments in finite-difference time-domain (FD-
TD) computational modeling of Maxwell’s equations, super-
computer technology, and computed tomography (CT) imagery
open the possibility of accurate numerical simulation of elec-
tromagnetic (EM) wave interactions with specific, complex, bi-
ological tissue structures. One application of this technology is
in the area of treatment planning for EM hyperthermia. In this
paper, we report the first highly automated CT image segmen-
tation and interpolation scheme applied to model patient-spe-
cific EM hyperthermia. This novel system is based on sophis-
ticated tools from the artificial intelligence, computer vision,
and computer graphics disciplines. It permits CT-based pa-
tient-specific hyperthermia models to be constructed without
tedious manual contouring on digitizing pads or CRT screens.
The system permits in principle near real-time assistance in
hyperthermia treatment planning. We apply this system to in-

terpret actual patient CT data, reconstructing a 3-D model of

the human thigh from a collection of 29 serial CT images at 10
mm intervals. Then, using FD-TD, we obtain 2-D and 3-D
models of EM hyperthermia of this thigh due to a waveguide
applicator. We find that different results are obtained from the
2-D and 3-D models, and conclude that full 3-D tissue models
are required for future clinical usage.

I. INTRODUCTION

hyperthermia, i.e., heating of tumors to tempera-
tures greater than 42°C, has efficacy as an adjuvant to
radiation therapy in the treatment of localized superficial
malignancies [1]-[5]. However, a recent study by the Ra-
diation Therapy Oncology Group has cast a shadow over
the earlier promising results by showing no significant dif-
ference between complete response rates obtained with
and without hyperthermia [6]. The principal reason for
these poor results seems to be inadequate heating of the
tumors, especially those larger than 3 cm in diameter due
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f uch evidence has emerged from clinical studies that
‘ ~ometry. It is very difficult to either intuitively visualize or
" measure these effects, especially for deep tumor treat-

‘ments where the SAR patterns are strongly affected by

to poor coverage with external microwave applicators. In

hyperthermia applications, adequacy of tumor coverage

can reasonably be related to the extent to which the tumor
is enclosed by surfaces of 50% iso-SAR (specific absorp-
tion rate, the absorbed power density in watts /kg) pro-
duced by the applicators. ' .
 The objective is to heat all tumor tissues of a patient to
a uniform desired temperature without overheating sur-
rounding normal tissues. However, this is difficult be-
cause current equipment and techniques produce poorly
localized nonuniform heating in both tumor and normal
tissues. This is further complicated by the cooling pro-
duced by significantly varying blood perfusion rates within
the heated volumes. At present, heating techniques using
electromagnetic (EM) energy are commonly employed in

“the clinic to produce therapeutic temperatures 1n tumors

[7]. A number of factors influence the SAR patterns from

- commonly used EM applicators. Significant among these

are: 1) the effect of relative applicator positioning with
respect to the defined treatment volume; 2) the means of
coupling the energy from the applicator(s) to the patient’s
surface; and 3) the complex, patient-specific tissue ge-

internal tissue structures. |
Clearly, accurate patient-specific computer modeling of

‘hyperthermia treatments to predict SAR distributions

would be very useful for pretreatment evaluation of EM
applicator setups. For example, Sathiaseelan et al. [8]
used a 2-D numerical EM model to investigate the effect
of phase steering with an annular phased array applicator
system. The results of this numerical study were then used
in the clinic to devise phase steering techniques to change
the SAR patterns to improve the quality of treatments and
reduce toxicity [9]. Also, patient-specific numerical sim-
ulation would enable parametric treatment studies to be

performed quickly and inexpensively so that sensitive and
insensitive parameters could be identified. These studies

would also help to evaluate applicator-array systems now
being developed.
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A key step in realizing a computerized, patient-specific

hyperthermia treatment planning involves the develop-

ment of an accurate, efficient means for acquiring detailed
3-D anatomical tissue data for each patient. Regardless of
the power of the EM analysis method, the modeling re-
sults can be no better than the tissue geometry data input.
In principle, the advent of computed tomography (CT)
has made the acquisition of accurate, patient-specific tis-
sue geometry data feasible. However, processing the in-
formation from the CT data base to generate the corre-
sponding 3-D dielectric medium data for the EM model
can be difficult, especially if automation is desired to
achieve speed. Problems include: 1) interpretation of the
individual CT images to determine tissue and organ types
and locations in each cross-section cut; and 2) interpola-
tion or connection between adjacent CT images to recon-
struct the original 3-D tissue geometry . The first issue is
very complex, currently requiring the mterventlon of a
“human expert. .

This paper describes progress made by our interdisci-
plinary group in both the EM modeling and CT-image
interpretation problems. Section II reports the first ana-
Iytical validations for 3-D computational EM models
based on the finite-difference time-domain (FD-TD)
method [10] for aperture-type hyperthermia applicators.
These validations involve radiated fields from open-ended
waveguides and horns, with benchmark data provided by
the frequency-domain method of moments (MM). The
validated FD-TD models of aperture sources are used later

Section III describes the first automated CT image pro-
cessmg system to reconstruct patient-specific, 3-D tissue
geometries for EM hyperthermla from serial CT image
data. This novel system is based on sophlstlcated tools

from the artificial intelligence, computer vision, and com-

puter graphics disciplines [11]-[14]. It permits CT-based
patient-specific hyperthermia models to be constructed
without tedious manual contouring on digitizing pads or
CRT screens. The system permits in principle near real-
time assistance in hyperthermia treatment planning.
Section IV illustrates the entire process by describing
automated 2-D and 3-D patient-specific models of EM hy-
perthermia of a human thigh due to a waveguide appli-
cator. Here, the thigh tissue geometry data base is derived
by combining 29 serial CT images of the patient. The FD-
TD modeling results are shown as contour plots of the

penetrating electric field and SAR. We find that different

results are obtained from the 2-D and 3-D FD-TD models,

and conclude that full 3-D tissue models are requlred for

future clinical usage. - o
For completeness, we note that two distinct physmal
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in Section IV for the patientESpeciﬁc hyperthennia studa--
- 1es. '
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tions using a suitable thermal model. These are two com-
plex problems requiring different theoretical bases and dif-
ferent tissue property and physiological data. In this
paper, only the patlentaspemﬁc EM modellng problem 1s
considered.

[I. FD-TD MODELING VALIDATIONS FOR APERTURE
HYPERTHERMIA SOURCES
The important EM issues addressed in this paper are:
1) FD-TD modeling validations for aperture hyperthermia
sources; and 2) 2-D versus 3-D modeling quantification.

This section will focus on the first issue, while Section IV

will conmder the second. These are key areas to be inves-
tigated to ensure that EM modeling provides clinically
meaningful answers, and to advance modelmg progress in

hyperthermia.

' A. Background of EM Modeling

In the 1970’s and early 1980°’s, 3-D predictive models

of EM wave absorption by biological tissue structures
‘were based largely on the frequency-domain method of

moments (MM) using space-filling cubic [15] and tetra-
hedral [16] elements. Yet, because MM leads to systems
of linear equations having dense, full, complex-valued
coefficient matrices, the required computer resources pre-
vented modeling of arbitrary 3-D structures spanning more
than a few wavelengths. In fact, the literature indicates

‘that the basic MM treatment of whole-body human tissue

structures culminated in models having in the order of
several hundred space cells, each of multicentimeter scale

[17]. This resolution is inadequate to provide the details

of internal tissue structure needed for patient-specific hy-
perthermia treatment planning. '

Theoretical efforts therefore shifted to alternative for-
mulations of MM which promise a dimensional reduction
of computer resources. One such formulation [18] ex-

- ploits the convolutional nature of the volume integral

equation based on polarization currents to permit use of
the fast Fourier transform (FFT). Although this extends
MM modeling to structures having thousands of space
cells, it may provide errors in SAR calculations for EM
excitations having transverse electric field components
[19]. This would greatly 1mpede the application of FFT/
MM approaches to the important 3-D tissue case.

An alternative to frequency-domain MM formulations
was the FD-TD method introduced by Taflove in 1975
[20], [21], based in part on an algorithm published by Yee
[22] in 1966. FD-TD is a direct finite-difference solution
of Maxwell’s time-dependent curl equations implement-
ing a marching-in-time procedure which simulates the ac-
tual propagating EM waves by sampled-data numerical

" modeling problems are involved in the patient-specific  analogs. There is no need to set up or solve a system of

computer simulation of hyperthermia treat
putation of the absorbed EM power distribution in tissue;
and 2) the prediction of resulting temperature distribu-

nents: 1) com-

" linear equations. Thus, FD-TD computational resources

are dimensionally low compared to MM. Furthermore,
unlike the FFT/MM approaches, which also have dimen-
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sionally low computer burdens, FD-TD has been shown
to be robust, providing accurate modeling predictions for
a wide variety of EM wave interaction problems in 2-D
and 3-D [10]. A subset ot these includes biological tissue
interactions [19], [21], [23], including detailed (order 1-
‘cm resolution) whole-human-body dosimetry under plane-

wave 1llumination [24], and detailed partial- or whole-

body hyperthermia modeling [25]-[27].

The increasing availability of Crays to the engineering
EM community has permitted application of FD-TD to
model EM wave interactions with arbitrary 3-D structures

approximately ten times larger in electrical size than MM
(1000 times larger in volume). At present, the largest and

fastest reported 3-D FD-TD model is the jet engine inlet
modeled by Katz and Taflove [28] for radar cross section.
This model, implemented on the Cray Y-MP/8, spans 30
\, in 3-D, has a uniform 0.1 — A, resolution, and solves
for 23-million unknown vector field components. The
Cray Y-MP/8 running time is only 3 min, 40 s per illu-
mination angle (1800 time steps—100 cycles of the inci-
dent wave—to the sinusoidal steady state). '

In the area of EM wave interactions with biological tis-
sue structures, the literature also indicates work 1n finite-
element modeling [29], [30]. The goals of this work in-
volve nearly conformal modeling of tissue structures using
well-characterized finite-element geometry generation
software. (FD-TD theory i1s also progressing in this area
with the advent of accurate, fully conformal surtace
models based upon local Faraday’s Law and Ampere’s
Law contour paths [31].) However, detailed studies [19],
 [23] have shown that simple FD-TD surface staircasing
of cylindrical and spherical tissue structures 1s suthicient
to permit calculation of the penetrating internal fields with
a high degree of accuracy compared to the exact solu-
tions. It is observed that FD-TD calculated fields pene-
trating a lossy dielectric structure show little sensitivity
to the nature of the surface approximation of the structure.
This observation permits effective use of simple staircas-
ing FD-TD models for computing penetrating fields in tis-
sue structures. These sacrifice little accuracy and have
small computer burdens compared to the finite-element

approaches.

- B. FD-TD Validation Studies

- At present, there exists only a limited set of validations
of FD-TD models for clinically used hyperthermia appli-
cators [25]-[27]. In this section, this paper provides the
first analytical validations of FD-TD for generic aperture
sources: open-ended waveguides and horns, including de-
tails of the waveguide probe excitation. Benchmark data
~are obtained from detailed frequency-domain integral
equation and MM numerical results. These validation
studies are relevant in that the patient-specific, FD-TD

hyperthermia models to be discussed 1n Section IV em-
ploy similar 2-D and 3-D aperture sources; and it is clearly

desirable to have confidence in the numerical EM model
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betore drawing conclusions based upon the model (as we
will). '

Consider first the validation studies for the generic mi-
crowave aperture sources. Validation here consists of
comparing the magnitude and phase of radiated near fields
predicted by FD-TD and MM, and determining the level
of disagreement. For example, Fig. la depicts the ge-
ometry of a 2-D waveguide-fed horn antenna, excited by
a monopole probe, used for comparison of FD-TD and
MM computed aperture electric field distributions. As
seen in Fig. 1(b) and (c¢), the FD-TD and MM computa-
tions of radiated near fields agree within about 1% in
magnitude and about 2° in phase. (This level of agree-
ment has been found consistently for a variety of 2-D ap-
erture sources.) This implies that the FD-TD predictions
are, for engineering purposes, just as useful as those of
MM. *

Two analytical validation studies are con51dered for the
3-D FD-TD aperture source model. The first validation
involves a simple rectangular waveguide radiating in free
space. The waveguide is assumed to have a2\, /3 X \,/3
cross section, and a 2A, length. A sinusoidally excited

‘line source is assumed to be located A, /3 from the closed

end, centered 1n the waveguide, and extending from the
top to the bottom of the guide. The FD-TD computations
for radiated far-fields are compared to those obtained using

‘a standard electric field integral equation, triangular sur-
face patching MM code with three different meshings,

with results shown in Fig. 2. It 1s seen that the FD-TD
predicted far-fields are ‘‘bracketed’” by the various MM

- results, indicating a substantial code-to-code validation.

The second 3-D validation study compares FD-TD re-
sults to a recently published integral equation solution [32]
for an infinitely long rectangular waveguide heating a
planar, layered tissue medium. The waveguide of [32] 1s
water-loaded (¢, = 8l¢y), has a 5.6 X 2.8 cm cross-sec-

- tion, and is excited at 432 MHz. The tissue medium is

comprised of a 0.5-cm skin layer (e, = (42 — j25)¢), a
1.0-cm fat layer (¢, = (5 — j10)¢p), and a muscle half-
space (e, = (42 — j25)¢y). For the FD-TD model, the
waveguide is assumed to have finite length, 19.3 cm
(2.5\,), with a line source located 1.9 cm (0.25A,,) from
the closed end. To maintain a reasonable FD-TD gnid size,
the infinite extent of the tissue structure i1s approximated
by extending it only one-half skin depth in all directions
from the waveguide. Overall, using a uniform 1.0-mm
space resolution, the FD-TD grid size 1s 280 X 134 X
106 cubic cells (23.9-million vector field components).
Fig. 3 compares the FD-TD and integral equation re-
sults for penetrating electric field contours at the skin-fat
interface 0.5 cm into the layered tissue structure. Because
of symmetry in the x and y direction, only a single quad-
rant of the electric field distribution is shown for each z
= constant plane. The agreement is quite good consid-
ering the truncated (noninfinite) tissue layers used 1n the

FD-TD modehng
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III AUTOMATED CT IMAGE ANALYSIS AND
RECONSTRUCTION

A Background

To reconstruct the 3 D tissue structure from serial CT

- cross-sectional image data, an 1mage analysis system must

perform two basic functions: 1) image segmentation/cor-
respondence establishment; and 2) interpolation. Image
segmentation is the process of dividing a CT image into

regions that correspond to physical objects or parts [33]-

[36]. After the meaningful entities in each slice have been
identified (and their contours extracted), the next step is
to establish the correspondence among them. By doing
so, the information about the start contour in one slice and
the corresponding goal contour(s) in adjacent slices can
be obtained. There is no existing system that can perform
fully automated medical image segmentation and corre-
spondence establishment in a practical problem domain.

Interpolation [11], [34], [37] [39] ideally permlts the re-
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construction of the original tissue structure by filling the
empty space between contours in adjacent CT slices de-
rived by the segmentation process.

Much progress has been made during the past decade
in addressing a similar problem in radiation treatment
planning. Sophisticated computerized 3-D treatment plan-
ning systems based on CT and magnetic resonance im-
aging systems have been developed [40]-[44]. All of these
systems use a combination of automatic and manual con-
touring methods to delineate tissue regions, i.e., segment
1mages, 1n each CT slice. Edge-detection techniques have
been used successfully to delineate structures that have
significantly different Hounsfield numbers from those of
adjacent tissues [44], [45]. A threshold CT value is se-
lected and then the computer automatically traces a con-
tour which separates points above and below the thresh-
old.

However, for the spinal cord, brain stem, kidney, liver,
stomach, heart, and other tissue structures embedded in
fat or muscle tissue, the task is not straightforward. The
Hounsfield CT numbers of these organs are sufficiently
close to those of the surrounding tissue to make edge-de-
tection algorithms useless, necessitating the use of a man-
ual system. Here, the structures are outlined by skilled
personnel having specific knowledge about the location of
these organs, their shape, and their progression through
the scanned volume as one moves from slice to slice
through the CT data. Outlining is accomplished using a
‘track-ball device or digitized pen system that controls the
cursor on the computer screen. ‘ .

Despite the development of graphical aids, manual gen-
eration of contours to delineate tissue structures can be
tedious and labor-intensive, requiring many manhours to
prepare the data for treatment planning. New approaches
to define low-contrast tissues automatically or interac-
tively have to be developed. This is an active area of re-
search, and recently a technique for outlining regions
where object CT values overlap has been reported [46].
However, to more fully automate this process, it will be
necessary to use knowledge-based and other symbolic
reasoning software tools. '

Knowledge-based (expert) systems are an attempt to
represent the knowledge, experience, and insight of the
“‘expert’’ 1n a computer-based environment. These soft-
ware tools have opened new paths for the use of com-
puters 1n radiation oncology and diagnostic radiology [47].
For example, Pizer et al. [48] have recently developed a
hierarchical figure-based shape description system with
promising applications in defining low-contrast objects.
Extension of these techniques to the needs of hyperther-
mia treatment planning ofters the potential for new tools
for tumor localization and extraction of anatomical fea-
tures.

B. Our Approach

In this paper, we report the first highly automated CT
image segmentation and interpolation scheme applied to
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Fig. 4. Example of usage of constraint satisfaction neural network tech-
nique for automated segmentation of CT images: (a) Topology of the neural
network, (b) CT image of pelvic cross section, (c) segmented image [14].

model patient-specific EM hyperthermia. The method is
based on the following:

1) Image Segmentation Using a Neural Network
Approach: We report a constraint satisfaction neural
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Fig. 5. Examples of usage of dynamic elastic surface interpolation tech-
nique for automated reconstruction of canonical 3-D branched objects from

serial cross-sectional contours: (a) two branches, (b) three branches [11].

network' (CSNN) technique which enables, in principle,

automatic segmentation of complex images [14]. In

CSNN, each neuron corresponds to a pixel inann X n

image. Suppose that each pixel is to be assigned one of m
labels. Then, the CSNN consists of n X n X m neurons,
and can be conceived as a 3-D array. The topology of the
CSNN 1s shown 1n Fig. 4(a). The CSNN has been devel-
oped for image segmentation as the first step toward au-
tomated object reconstruction. Fig. 4(b) and (¢) show an
example of the use of the CSNN technique to automati-
cally segment a CT image of a pelvic cross section [14]
with results comparable to conventional techniques.

2) Interpolation: We also report the development of a
dynamic elastic surtace interpolation (DESI) scheme [11]-
[13]. The central idea of DESI is to identify the geometric
difference between the start and the goal contours, and
derive force vectors that can be applied to the start con-
tour to distort 1t to match the goal contour. The algorithm

provides a mechanism to generate iteratively a series of

intermediate contours for filling the gaps between the start
and goal contours. A 3-D object i1s reconstructed by stack-
ing up the start, intermediate, and goal contours. The ma-
jor advantage of this method 1s its superior capability in
handling the branching situation where a contour in one

'A neural network is composed of many interconnected processing ele-
ments that operate in parallel, and a weighted matrix of interconnections
that allows the network to ‘‘learn’’ and ‘‘remember’’ [49]. Artificial neural
networks are being used for a variety of applications including image and
signal processing and pattern recognition. The parallel nature of a neural
network permits, 1n principle, rapid concurrent processing of complex im-
age data.

2-D cut splits into several contours 1n adjacent cuts, or
where several contours merge into one contour. DESI i1s
simple and has the advantage that pairwise interpolation
can be performed simultaneously with a parallel architec-
ture. Fig. 5(a) and (b) show examples of the use of DESI
to reconstruct canonical branched 3-D objects from serial

cross-sectional contours [11].

IV. APPLICATION TO PATIENT-SPECIFIC EM
HYPERTHERMIA

We have applied the above techniques for the first time
to interpret actual patient CT data for modeling EM hy-
perthermia. Specifically, we reconstructed a 3-D model
of the human thigh from a collection of 29 serial CT im-
ages at 10 mm 1ntervals. Two typical slices are shown 1n
Fig. 6. Each slice consists of four difterent tissue struc-
tures: tat, muscle, bone, and bone marrow. In the recon-
struction process, we assumed that we had the tollowing

prior knowledge:

1) Image content—each i1mage contains a left and a
right thigh. '

2) Tissues types and spatial relationships—there are
four types of tissues in each image, and if we draw
a line from outside the whole region to its centroid,
the order of regions encountered is always fat, mus-
cle, bone, and then bone marrow.

3) Average intensity levels of the regions of different
tissue types—used in thresholding operation.

4) Expected boundary between fat and muscle—should
be smooth and closed, even though the muscle re-
gion may actually consist of many disconnected re-
gions or may have bay-like (or crack-like) areas.

The four regions of interest corresponding to the four
tissue types of the lett thigh were obtained by the follow-

‘ing semiautomatic procedure. First, the touching points

of the two thighs were detected by locating the points with
the maximum curvatures. Then, a line was drawn be-
tween the two points to separate the left thigh trom the
right thigh. The right thigh was blackened out and a 128
X 128 image [shown in Fig. 7(a)] containing only the left
thigh was extracted. After manually analyzing this image
to select three threshold values (see point 3), the pixels in
the 1image were classified into groups by a thresholding
operation. Fig. 7(b) shows the result of performing this
operation on the image 1n Fig. 7(a). The boundaries be-
tween these regions were then obtained by automatic con-
tour tracing methods [50]. Some heuristics were also
applied” to obtain a closed and smooth boundary between
fat and muscle (see point 4). After all the boundaries were
detected, the four regions were labeled with distinct in-
tegers. Fig. 8 shows the results of Fig. 7 after boundary

‘In our experiments, in an attempt to automate the boundary detection pro-
cess, we also applied some well-recognized ‘‘signal-based’’ 1mage seg-
mentation algorithms such as split-and-merge [51] to this set of images.
Although the algorithm had some success on some slices, it 1s not powertul
enough to handle all the slices in our data set with a uniform set of param-

eters.
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Fig. 8. Results of Fig. 7(b) after t
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