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@ We have experimentally investigated the use of adaptive-focusing techniques
in the hyperthermia treatment of cancer. Gradient-search adaptive-focusing
software developed at Lincoln Laboratory has been implemented on a
commercial microwave hyperthermia planar phased-array antenna system at the
University of California at San Francisco (UCSF). The system, manufactured by
Labthermics Technologies, Inc., consists of 16 independent amplitude/phase-
controlled waveguide antenna elements operating at 915 MHz.

In the experiments, conducted at UCSF, a method of steepest-ascent
gradient-search feedback algorithm was used to control the hyperthermia array
phase shifters and focus the transmitted radiation beam at a hypothetical tumor
site in a muscle-equivalent sugar/saline liquid phantom. A feedback probe,
embedded in the phantom, measured the resulting electric field (E-field)
generated by the antenna array. The measured data indicate a significant
increase in the focal-region field strength with a rapid convergence of the
adaptive-focusing algorithm in 10 to 15 iterations. From the measurements, the
maximum useful heating depth in the sugar/saline phantom is estimated for the

915-MHz system at about 3 cm.

DAPTIVE ARRAY ANTENNAS are well known for
A their ability to improve, in real time, the per-

formance of communications and radar sys-
tems [1-4]. Recently, adaptive array techniques have
been applied in the medical field for the hyperther-
mia treatment of deep-seated tumors [5-12]. (For an
introduction to hyperthermia treatment, see the box,
“Treating Cancer with Hyperthermia,” on the follow-
ing page.) With an adaptive radio frequency (RF) or
microwave hyperthermia array, it is possible to con-
trol the electric field (E-field) automarically at mul-
tiple positions within the target body [5-12]. The E-
field radiated by a hyperthermia phased array can be
minimized (nulled) and maximized (focused) at de-
sired target positions by adaptively adjusting the trans-
mit amplifiers and phase shifters of the hyperthermia
apparatus. Muldple adaptive E-field nulls and adap-

tive focusing were experimentally demonstrated at
the State University of New York (SUNY) Health
Science Center on a modified commercial RF hyper-
thermia system. In the experiments, gradient-search
software, developed at Lincoln Laboratory, was used
to control the generated E-field of the Sigma-60
(manufactured by BSD Medical Corp. of Salt Lake
City, Utah), an annular phased-array antenna system
operating at approximately 100 MHz [9-14]. Details
of the SUNY experiments have been reported in an
earlier issue of this journal [11].

Subsequent to the SUNY experiments, the same
gradient-search algorithm was implemented on a dif-
ferent commercial hyperthermia system—the
Microtherm-1000 (manufactured by Labthermics
Technologies, Inc., of Champaign, Uinois), a planar
phased-array microwave antenna system operating at
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TREATING CANCER WITH HYPERTHERMIA

THE TREATMENT OF malignant
tumors is often a difficult task.
The objective is to reduce or
completely remove the tumor
mass through the use of one or
more modalities, commonly sur-
gery, chemotherapy, and radiation
therapy [1]. One particular meth-
od used in conjunction with an-
other modality is hyperthermia
[1-6], in which a tumor is heated
to diminish it.

Hyperthermia treatment re-
quires a controlled thermal dose
distribution. Typical localized
hyperthermia temperatures that
are necessary for the therapeutic
treatment of cancer are in the
range 42.5° to 45°C. (The nor-
mal temperature of human tissue
is 37°C.) During treatment, sur-
rounding healthy tissue should
be kept at temperatures below
42.5°C. The most difficult aspect
of inducing hyperthermia with
either electromagnetic or acous-
tic (ultrasound) waves is produc-
ing sufficient heating at the site
of a tumor, especially a deep-
seated one, without damaging any
healthy tissue.

For electromagnetic hyperther-
mia treatment, multiple-antenna
radio frequency (RF) or micro-
wave hyperthermia arrays are
commonly used to provide a fo-
cused main beam at the tumor
site. A focal region should be con-
centrated at the tumor with min-
imal energy delivered to the sur-
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rounding normal tissue. Because
the hyperthermia antenna beam-
width is proportional to the wave-
length, a small focal region sug-
gests that the wavelength be as
small as possible. Due to propa-
gartion losses in tissue, however,
the penetration depth decreases
with increasing transmit frequen-
cy. Typically, for noninvasive
phased arrays an operating fre-
quency close to 100 MHz is rec-
ommended for the heating of
deep-seated tumors and a frequen-
cy close to 900 MHz for the heat-
ing of shallow tumors.

A typical clinical RF or micro-
wave hyperthermia treatment con-
sists of several two-hour sessions
spread over a period of weeks.
During the first hour of a session,
instrumentation ro monitor tem-
perature and other vital signs is
attached to the patient. Next, for
about 15 minutes, the hyper-
thermia equipment is turned on
and adjusted to achieve the de-
sired temperature in the tumor.
The adjustments to the hyper-
thermia equipment can consist of
changes in the transmit power lev-
el (for single-antenna devices), or
changes in both the transmit pow-
er level and phase (for multiple-
antenna devices). The tumor is
then heated for approximately
45 minutes by radiated electro-
magnetic energy to a temperature
of 42.5° to 45°C. Note that, in
order to limit the overall length
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of the treatment sessions to two
hours, only a maximum of 15
minutes is available for adjusting
the hyperthermia equipment to
achieve the ideal electric field (E-
field) distribution for a particular
patient.

Current clinical operation of
commercial hyperthermia phased-
array devices allows limited man-
ual control of the array transmit-
antenna amplitude and phase.
Although this manual trial-and-
error method can achieve some
improvement in the E-field dis-
tribution, automatic adjustment
techniques, such as those offered
by adaptive arrays, are desirable
because of their promise of fast-
er operation and better E-field
distributions.

Several journals have published
special issues on the acoustic and
eleccromagnetic  hyperthermia
treatment of cancer [6-8], and
various articles have investigated
the widely differing methods for
improving such treatment. For ex-
ample, many studies [7, 9-12]
have shown that phased arrays can
be used to produce improved ther-
apeutic field distributions: re-
searchers have demonstrated that
phase control can synthesize im-
proved RF radiation patterns
without adaptive control of the
transmit-array weights, and that
transmit-array weights (defined
here as amplitude and phase states
associated with a transmit chan-
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nel) can be adaptively controlled
to maximize the tumor tempera-
ture (or microwave power deliv-
ered to a tumor), while mini-
mizing the surrounding rissue
temperature (or microwave pow-
er delivered to the surrounding
tissue). It has also been shown
that ultrasound receive feedback
sensors [13] and a pseudoinverse
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915 MHz. Experiments were conducted at the Uni-
versity of California at San Francisco (UCSF) Radia-
tion Oncology Department in which the algorithm
was used for controlling the hyperthermia array phase
shifters to focus the transmitted radiation beam ar a
|1_\1)0rhc[icall tumor site in a sugdr!ulinc |it|uid }1|1;|I'I-
tom (dielectric losses of 3 dB/cm). The UCSF experi-
ments are the subject of this article.

Several major differences exist berween the SUNY
and UCSF experiments. In particular, the hyperther-
mia equipment used in the two experiments had dif-
ferent transmit frequencies (100 MHz versus 915
MHz) and array geomertries (annular versus planar).
Because of the difference in transmit frequencies, the
SUNY experiments investigated the treatment of deep-
seated tumors (depth greater than about 10 cm) while
the UCSF experiments were concerned with shallow
tumors (depth less than about 3 cm). In addition, the
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Background

Microwave antenna applicators have frequently been
considered for inducing localized hyperthermia to
superficial tumors located on the chest wall and head
and neck regions. For single-aperture applicators, how-
ever, the power-deposition patterns are often limired
to effective heating well within the aperture bound-
aries [15-18). (Norte: The power-deposition parterns
are also referred to as the specific absorption rate
[SAR], which is equal to Y20 if"|"'a';\.\\'h::rc Eis the E-
field, o is the electrical conductivity of the tissue, and
p is the ussue density.) Wich 915-MHz microwave
radiation, for example, a waveguide applicator has a
heating depth limited to less than 3 ¢m and lateral
|1t.".1lil'1g dimensions of 3 o 5 em—insufficient to

treat many tumors [19]. The heating depth is limited

16-channel
phased-array antenna

Sugar/saline liquid phantom

FIGURE 1. The Microtherm-1000 (manufactured by Labthermics Technologies, Inc., of Champaign, lIl.), a 915-
MHz microwave planar phased-array hyperthermia system used in experiments at the University of California
at San Francisco (UCSF) Radiation Oncology Department.
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to only about 3 cm because the dielectric loss of 915-
MHz radiation in tissue is typically 3 dB/cm. From
previous experiments, researchers have found that a
predictor of good local heating control is to use the
50% iso-SAR coverage (laterally and with depth) of
the tumor [20].

Several methods for improving the SAR heating
patterns of single-aperture hyperthermia devices are
under investigation. For example, microwave-absorb-
ing saline-filled boluses can shape the heating pattern
of a waveguide applicator, as has been demonstrated
in Sherar et al. [21]. Mechanically scanned micro-
wave applicators have also been used to shape the
power-deposition pattern [19, 22, 23].

Another method of improving the SAR heating
pattern is to use multiple-aperture arrays [24-43].
Researchers have found that phased-array applicators
can be used to shape the power-deposition pattern
produced by planar [19, 22, 44, 45] and conformal
arrays [46, 47]. And studies to improve penetration
depth with phased arrays by controlling the phase and
amplitude of each array element have been conducted
[44, 45, 48].

In our experiments, we have used the Microtherm-
1000—a hyperthermia microwave system with 16
antennas (Figure 1) [49]. By transmitting close to the
patient with a planar array, the system is able to
obtain superficial heating over large (approximately
15 % 15 cm) as well as small (approximately 3.5 x 3.5
cm) areas, depending on the array amplitude illumi-
nation function. Figure 2 shows the 15 X 15-cm
planar array with its 16 square waveguide clements
operating at 915 MHz. The 16 independent variable
power amplifiers drive the waveguides, and each of
the 16 active channels has an electronically controlled
variable-phase shifter to focus the array. A cool-water
bolus between the patient and the phased array
prevents excess heating of the skin surface. The bolus
is filled with circulating deionized water, which has
a very low microwave propagation loss of abour
0.3 dB/cm.

Previously, UCSF had evaluated (in experiments
with phantom marerials such as deionized warter and
muscle-equivalent liquid, and with animals) a system-
atic-search, iterative focusing algorithm for phased-
array control of the Microtherm-1000 [50]. The E-

I-t—-— 15.2cm -—D-l

/o

Applicator Waveguides Coaxial
housing (16) feed lines
—
—_ J
Aperture Y
surface (o) K G C
\ aa--p ~a
3 A
cm 3
/1
Additional
Outer high-dielectric- Distendable
applicator constant bolus
housing material (deionized water)
(b)

FIGURE 2. The Microtherm-1000 system: (a) footprint and
(b) cross section of applicator.

field probe used in the UCSF measurements was a
short dipole with a semiconductor diode detector
[51-54]. (Note: The Microtherm-1000 currently does
not supply E-field probes to monitor clinical hyper-
thermia treatments; however, as the current measure-
ments indicate, an E-field probe could be added 1o
the system to provide feedback signals to the adaprive
algorichm. In theory, with 16 independent transmit
channels, the E-field radiation pattern can be con-
trolled at up to 16 points [in the radiation field] by
using a feedback signal measured ar each point.) In
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FIGURE 3. Adaptive-focusing hyperthermia system concept.

this article, we investigate an alternative candidate
algorithm for the adaptive focusing of the Microtherm-
1000. Developed by Lincoln Laboratory, the com-
puter algorithm uses a gradient search based on the
maximization of the signal that is received by an E-
field sensor positioned within a tumor.

Theory

Adaptive-Focusing Hyperthermia System Concept

The concept of an adaptive-focusing hyperthermia
system is shown in Figure 3. To generate the desired
E-field distribution with a clinical adaptive hyper-
thermia system, a field probe is positioned as closely
as possible to the tumor site and the hyperthermia
array is focused to produce the required field intensity
at that site. The probe provides feedback from which
the adaptive-array weights w, can be adjusted to con-
trol the amplitudes A and phases ¢ of the individual
antenna clements such that the energy received ar the
tumor site is maximized. (Note: Although Figure 3
shows only one field probe, an array of probes may be
used.)

Adaptive Transmit-Array Formulation

Consider a hyperthermia array with NV antenna ele-
ments (N = 16 for the Microtherm-1000 system).

274 THE LINCOLN LABORATORY JOURNAL VYOLUWME 6. NUMBER 2 1993

The input signal to each of the N array elements is
obtained from the amplitude and phase-adjusted sig-
nal distributed by a power divider network. The num-
ber of adaptive channels is assumed to be equal to the
number of transmit antennas .

Commonly, the weights are constrained to deliver
a required amount of power to the hyperthermia
array or the tumor. For simplicity in the experimental
adaptive-hyperthermia-array control software, we con-
strain the weights such that

N
2w =K,

where lw,| is the transmit-weight magnitude for the
nth adaprtive channel and K'is a constant. To generate
an adaptive phase focus, a gradient-search algorithm
can be used to control the transmit weights (phase
shifters).

Gradient-Search Algorithm

Gradient-search algorithms are commonly used in
adaptive-array applications, particularly when the
channel-to-channel correlation of the antenna cle-
ments cannot be calculated or measured. With a gra-
dient search, only the received power at the E-field
probe(s) is measured and used as a feedback signal to
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the algorithm. Because the Microtherm-1000 system
at UCSF measures only the received E-field power, it
is appropriate to consider a gradient-search algorithm
for the application.

Gradient-search algorithms control the transmit
weights iteratively to maximize (focus) the microwave
signal reccived by the field probe(s). Transmit-array
phase shifters are adaptively changed in small incre-
ments (the process is called dithering) and the re-
ceived power at the probe(s) is monitored to deter-
mine the phase settings that will increase the power
most rapidly to a maximum. A wide variety of gradi-
ent searches exists [55-60]; in our work we have used
a standard method of steepest ascent. The mathemati-

Transmit Zk T ry\

cal formulation for the method is straightforward
[55, 61]; a detailed description of the formulation in
the context of hyperthermia is contined in Refer-
ences 9 and 62.

System Considerations

Figure 4 is a block diagram of an adaptive hyperther-
mia system controlled by a gradient-search algorithm.
Transmit weights wy;, . . ., @, . .., wy;at the jth
iteration are shown at the top of the figure. The
transmit phased-array antenna induces a voltage across
the terminal of the /th receive field-probe antenna.
(Note: Figure 4 assumes that the system uses an array
of N,,, field probes.) For any given configuration of

Transmit
weights
(jth state)

PRr I . / Transmit
/ \ array '

.- = . WNJ'

Receive
computel. <7ith receive probe (total of N, probes)
and control Gain y
— 1 —
Adjusta a, F= 002 e NG
v Feedback signal (p;)
Nau:
Received power p p; = P;
=1
Y
Compute
weight search
directions
\d
Compute Control
weight updates .

!

Adaptive transmit weight (j + 1)th state

FIGURE 4. Block diagram of gradient-search algorithm for adaptive-focusing hyperther-

mia system,
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FIGURE 5. The 915-MHz microwave planar phased-array
applicator used in the Microtherm-1000.

the transmit weights, each weight is dithered by a
small amount in amplitude and phase, and the re-
ceived power at the zith probe is stored in the com-
puter for calculation of the total received power from
probes, the amplitude and phase
search directions [62], and the updated (j + 1)th

the array of N,
transmit-weight configuration. One transmit weight
is dithered with the remaining transmit weights in
their jth state. The process continues until the
(7 + 1)th weight configuration has converged. Based
on other measurements [10, 12] not shown here,
convergence for adaptive focusing occurs typically in

High-resistance
sensor leads

\lm,i
Voul
*» AW 2“F+

Diode to measure 500 Q
magnitude of E-field

60 kQ/m

500 2

Yy

]l AMA

FIGURE 6. Amplifier circuit for E-field probe.
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fewer than about 15 iterations, depending on the
gradient-search step size Ag.

Materials and Methods

The hyperthermia phased-array system used in these
measurements is the Labthermics Microtherm-1000
planar phased-array applicator (Figure 1). The system
consists of a [5 X 15-cm planar array with a 4 x 4 grid
of 16 uniformly spaced square waveguide elements
operating at 915 MHz (Figure 2). Figure 5 shows a
photograph of the planar phased-array applicator.
Because of the water bolus covering the applicator,
the actual waveguide radiators of the array are not
visible in the photograph. The aperture dimensions
of the individual waveguides are 3.8 X 3.8 cm, and
the waveguides are filled with a high-dielectric-
constant material to provide maximum radiation
at 915 MHz. The waveguides are linearly polarized
with the dominant E-field component aligned with
the y-direction (refer to Figure 2).

The 16 individual waveguides are driven by 16
high-power amplifiers with up to 35-W average power
per channel. The power applied to each element is
controllable in 10% increments of the adjustable mas-
ter power level. Each of the 16 active channels has an
electronically controlled variable phase shifter (8 bits,
0° to 360°) for focusing the array. The phased-array
applicator can be driven in incoherent mode (with 16
independently operating sources with frequencies near
915 MHz) or coherent mode (with a single-frequency
generator and independent control of the relative phase
of each aperture to within 1.5°). Invasive Luxtron
fiber-optic temperature sensors [63] are included with
the Microtherm-1000 system to monitor the tem-
peratures obrained during treatment.

To prevent excess heating of a patient’s skin sur-
face, the Microtherm-1000 uses a cool-water bolus
placed berween the patient and the phased array. The
bolus consists of deionized water, which has a very
low microwave propagation loss, contained within a
flexible membrane that can be expanded ourward to 6
to 8 cm in front of the applicator face to improve the
microwave coupling between the applicator and tis-
sue. The bolus temperature is controlled by circular-
ing cooling water through a thermal-conduction plas-
tic-tubing heat exchanger located in the outer edges
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16-channel
phased-array antenna

Sugar/saline liquid
phantom

Dipole probe

e e 4—=2———— Probe (x, y, 2)
@:‘g positioner

FIGURE 7. Dipole probe, probe (x, y, z) positioner system, and the muscle-equivalent phantom tank.

of the bolus housing. To improve the cooling capacity
and transient control of the bolus in the Microtherm-
1000, researchers at UCSF replaced the heat exchanger
inside the bolus with a closed-circuit pumping system
that circulates temperature-controlled deionized wa-
ter directly through the bolus compartment in series
with a heat exchanger mounted in a temperature-
regulated water bath.

The E-field probe [51, 52, 54] used in our mea-
surements was fabricated at UCSF and integrated
with the Microtherm-1000 system. The E-field sen-
sor is a Schottky detector diode (Hewlett-Packard
HP-3486 with an outer diameter of 1.9 mm) with the
diode leads arranged to form a dipole antenna of 1 cm
length. The sensor is coupled to an amplifier circuit
(Figure 6) via high-resistance lead material to mini-
mize perturbation of the fields. (Note: Manufactured
by Holaday Industries, the lead material has an outer
diameter of 1.2 mm, including the outer insulation.)
The rectified DC output voltage is a function of the
E-field squared in the orientation of the dipole leads.
Figure 7 shows the dipole probe hardware and (x, y, 2)
positioner. A 12-bit analog-to-digital (A/D) converter
samples the E-field probe signal.

In our experiments, we used a liquid muscle-equiva-

lent phantom (sugar and salt dissolved in deionized
water) to approximate human tissue. The electrical
properties of the phantom (o = 1.38 Siemens/m and
relative permittivity €, = 54.7 [64]) were similar to
that of high-water-content tissue at 915 MHz (o =
1.28 Siemens/m and ¢, = 51.0 [65]). The liquid phan-
tom was contained within a 50 x 50 X 22-cm-deep
Plexiglas tank, which is shown in Figure 7.

The UCSF hyperthermia array is controlled and
monitored by an MS-DOS-based personal computer
system with software that implements the gradient-
search adaptive-focusing algorithm. The software, de-
veloped by Lincoln Laboratory and integrated by
UCSF with the Labthermics system, allows the opera-
tor to run an adaptive-focusing algorithm that uses
the output power of the E-field probe as a feedback
signal during the gradient search. The adaptive-focus-
ing algorithm uses only phase control to maximize

the E-field at the probe’s position.

Measured Results

Review of Earlier Investigations at UCSF

Because of inter-element mutual-coupling effects in
the phased array and because of the variation that can
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FIGURE 8. Measured E-field radiation pattern for the Microtherm-1000 planar
phased array focused at (a) z =7 cm in the deionized-water phantom (propa-
gation loss = 0.3 dB/cm), resulting in a well-focused beam; and at (b) z =
4 cm in the muscle-equivalent liquid phantom (propagation loss =3 dB/cm),
resulting in a beam that is not centered at the desired location. In the
experiment, the UCSF systematic iterative-search algorithm was used to
focus the array. (Note: The radiation pattern contours are shown in 10%
power intervals and the location of the focusing probe is indicated with a red

"+" sign.)

be expected in phantom materials and humans, it was
not possible to select @ priori the correct phases to
focus the Microtherm-1000 [49]. In addition, re-
search was hampered by an inability to calibrate or
preset the Microtherm-1000s individual phase shifters
accurately to absolute values. Attempts at using theo-
retically selected phases that were applied to each
element produced, at best, marginal results in a water
phantom.

To compensate for these problems and to accom-
modate expected tissue heterogeneities in vivo, a phase
selection, or optimization, scheme was developed at
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UCSF to select the phasing of each transmit channel
iteratively for the maximization of the measured SAR
at the desired location. A computer/software system
linked to the Microtherm-1000 turned on individual
elements of the phased array in a predetermined se-
quence and adjusted the phasing iteratively until a
maximum SAR was obrtained.

In the process, element F (see Figure 2) is turned
on at a 0° phase with all other elements turned off.
Next, element K is turned on and adjusted iteratively
in phase (from 0% to 360° in 10° increments) to
obtain the maximum SAR reading. Element G is then
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turned on and similarly adjusted undl a new maxi-
mum SAR reading is obrained. This process contin-
ues for the remaining elements in the following se-
quence: J, B, O, N,C,E, L, H, I, A, P M, and D.
During this systematic iterative-search process, the
previously tested elements are kept on at their opti-
mized values while the next element in the sequence
is turned on and phase adjusted to maximize the
SAR. The entire procedure, from the adjusting of
element F through D, takes approximately 1 min to
complete. Experiments using this phasing approach
have been conducted with different materials: deion-
ized-water, tissue-equivalent liquid phantoms, and a
pig thigh [50].

With the UCSF systematic iterative-search algo-
rithm, it was possible to focus the Microtherm-1000
at depths of 7 cm in the deionized-water phantom, as
shown in Figure 8(a). (Note: The measured E-field
radiation pattern contours in the figure are given in
10% power intervals.) Clearly, maximum radiation
occurs in the deionized water in the vicinity of the
desired focus. Based on the 50% SAR value, the
maximum penetration depth is 15 cm in the deion-
ized-water medium. Using the same algorithm, simi-
lar focusing attempts in a muscle-equivalent phantom
(Figure 8[b]) did nor generate a useful focused beam
at depth but produced, in essence, a collimated beam
with a beam peak effectively at the surface of the
phantom. The data in Figure 8(b) indicate a maxi-
mum penetration depth of 3 cm, based on the 50%
contour, which reaches z = 3 cm.

The microwave propagation loss in deionized wa-
ter is 0.3 dB/cm, whereas the loss in the muscle-
equivalent phantom is close to 3 dB/cm. Clearly the
high propagation loss in muscle tissue contributed
greatly to the system’s inability to focus at the desired
depth. Nevertheless, a 3-cm penetration depth is sill
potentially useful for certain shallow tumors.

The efficacy of the UCSF systematic iterative-search
algorithm was also evaluated with a pig thigh in which
an implanted SAR sensor was used to optimize the
phase. Figure 9 shows the in vivo experimental setup
with trial focus positions (at z = 2.5 and 4.5 cm)
indicated by the shaded circles located on the central
axis. In the incoherent mode with the 16 waveguides
operating independently, the measured SAR pattern

in Figure 10(a) indicates a maximum penetration
dcpth of about 1 ¢m (for a 50% SAR) on the central
axis. This result is consistent with a microwave propa-
gation loss of 3 dB/cm. Figures 10(b) and 10{(c) show
the measured SAR patterns for a focus at 2= 2.5 and
4.5 cm, respectively. For the focus at z= 2.5 cm, the
measured maximum penetration depth (on the prin-
cipal axis) is 2.3 cm, and the beam peakisat z= 1 cm.
For the focus at z = 4.5 cm, the penetration depch is
only 1.9 cm, and the beam peak is at the surface of
the rarget.

Intuitively, one would expect the z = 4.5-cm focus
to penetrate more deeply than the z = 2.5-cm focus,
but instead the measurements indicate a reduction in
penetration depth when the focus is increased beyond
z= 2.5 cm. This discrepancy was the principal reason
that UCSF was interested in comparing the Lincoln

Trial focus points
® 2.5cm deep
® 4.5cm deep

Applicator ==

o
2F
Be
i
S g
° 2
23
3
(s}
Multisensor Pig thigh
temperature probe (16) muscle

FIGURE 9. UCSF experimental test setup for in vivo mea-
surements of a pig thigh (propagation loss = 3 dB/cm).
Note that temperature measurements are taken at numer-
ous sites by 16 multisensor temperature probes spaced
1 cm apart. Each of the 16 probes measures the tempera-
ture at 7 different vertical locations spaced 1 cm apart.
Thus temperatures within the pig thigh are measured ona
1-cm x 1-cm grid at 112 sites.
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Laboratory gradient-search algorithm with the sys-
tematic iterative-search algorithm that had been used.

In Figure 11, the measured SAR is compared with
the temperature distribution for the 2.5-cm-focus case
(Figure 10[b]), and the two sets of darta are consistent.
That is, the peak temperature value occurs near the
peak of the SAR distribution. (Note: SAR is defined
here as ¢A 7/A¢, where ¢ is the specific heat, and AT is
the change in temperature over the time interval At.)

From the results shown in Figure 8(a), we con-
cluded that the systematic iterative-search algorithm
could be used to focus the Microtherm-1000 in a
low-loss deionized-water phantom. With the muscle
phantom and pig thigh, however, the algorithm did
not result in useful focuses (although it did illustrate a
possible improvement in penetration depth). Thus
one question that remained concerned the effective-
ness of the systematic iterative-search algorithm. In
particular, we were eager to investigate whether better
focusing in a lossy medium could be obtained with an
adaptive optimization algorithm, as had been consid-
ered previously [7, 10, 12].

New Measurements at UCSF

UCSF and Lincoln Laboratory began collaborating
in June 1992 to implement an adaptive-focusing,
gradient-search algorithm with the Microtherm-1000.
Experiments were performed with the deionized-wa-
ter and the muscle-equivalent liquid phantoms. Phase
focusing was attempted in the central axis of the
Microtherm applicator at depths of 6 and 8 cm from
the lowest ridge on the applicator housing with an
additional 3-cm path length in deionized water from
the apertures to this point.

Measured E-field patterns (Figure 12) with the

focus set at 8 cm indicate that both optimization

FIGURE 10. Measured specific absorption rate (SAR) for
the Microtherm-1000 planar phased array illuminating the
pig thigh of Figure 9: (a) incoherent mode with all elements
incoherently driven, (b) focused at z = 2.5 cm, and (c)
focused at z = 4.5 cm. For parts b and ¢, the UCSF system-
atic iterative-search algorithm was used to focus the array.
(Note: SAR is defined here as cATJAL, where ¢ is the spe-
cific heat, and AT is the change in temperature over the
time interval A = 30 sec. The location of the focusing
probe is indicated with a red "+" sign. )
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FIGURE 11. Comparison of (a) measured SAR and (b) temperature distributions (given in degrees centi-
grade for steady-state conditions after 10 min) for the Microtherm-1000 system focused at 2.5 cm in the pig
thigh of Figure 9. In the experiment, the UCSF systematic iterative-search algorithm was used to focus the
Microtherm-1000. (Note: SAR is defined here as cAT/AL, where ¢ is the specific heat, and AT is the change in
temperature over the time interval At =30 sec. The location of the focusing probe is indicated with a red "+"

sign.)

schemes—the UCSF systematic iterative-search fo-
cusing algorithm and the Lincoln Laboratory adap-
tive gradient-search focusing algorithm—work simi-
larly. Both algorithms result in well-defined focused
beams at the desired depths. The current measure-
ments do not consider field mappings in other verti-
cal and horizontal planes. Such additional mappings
are necessary to characterize the locations and magni-
tudes of the E-field sidelobes and possible grating
lobes.

[t is interesting to note that the radiation patterns
in Figure 12 exhibit a z-dependent ripple with spac-
ing approximately equal to 1.8 em. We suspected that
this ripple was caused by a standing-wave pattern
created by incident and reflected waves in the phan-
tom water tank. By assuming a dielectric constant of
80 and an electrical conductivity of 0.19 Siemens/m,
we calculated the wavelength of 915-MHz microwave
radiation in deionized water as 3.6 cm. Thus the
ripple spacing was equal to one-half the wavelength,
as was expected with a standing-wave pattern.

Measurements in the muscle-equivalent phantom
were performed at a depth of 4 em for three cases of
amplitude illumination: equal illumination applied at

100% of the selected power level of 5 W (Figure 13),
adjusted uniform illumination with premeasured SAR
amplitudes for each element (Figure 14) [49], and
inverse-tapered illumination with the application of
double the power to the outer elements (Figure 15).
These radiation-pattern measurements are similar to
those obrained in earlier studies with the UCSF sys-
tematic iterative-search algorithm [50]. Note that there
are only minor differences between the three radia-
tion patterns of Figures 13 through 15. It is very likely
that the four-element group at the center of the array
is the dominant contributor to the radiation pattern
shape.

Lastly, Figure 16 shows the convergence of the
gradient-search steepest-ascent algorithm for the case
of the 4-cm focal depth. The measured E-field at the
focus has been plotted on the y-axis in power in
decibels by computing 10log(p), where p is the value
(measured power) of the A/D converter. In the figure,
the focal-probe power increases by 17 dB over the 15
iterations with the data indicating convergence in
about 7 iterations.

In the experiments, each phase shifter was con-
trolled by an 8-bit D/A converter that had 256 states

VOLUME 6, NUMBER 2, 1993  THE LINCOLN LABORATORY JOURNAL 281



* FENN, DIEDERICH, AND STAUFFER
An Adaptive-Focusing Algorithm for a Microwave Planar Phased-Array Hyperthermia System

16 ]
1 — —
£
A
=
=
@
=
"
6 = —
o
~
1 A L
-10 -5 0 5 10
x-distance (cm)
(a)
1 = —]
- (0
E
L
£
=
E
. Q
6 — =
1 ] | 1/\
-10 -5 0 -] 10
x-distance (cm)
(b)

FIGURE 12. Comparison of measured two-dimensional radiation patterns of the
Microtherm-1000 with focal depth of 8 cm in deionized-water phantom: (a) UCSF sys-
tematic iterative-search focusing algorithm and (b) Lincoln Laboratory adaptive gradi-
ent-search focusing algorithm. (Note: The radiation patterns are shown in 10% power
levels.)
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FIGURE 13. Effect of array illumination on radiation pattern for the case of uniform illumination: (a) array illumination (in
percent of the selected power level of 5 W) and (b) resulting two-dimensional radiation pattern (in 10% power levels) of the
Microtherm-1000 using Lincoln Laboratory adaptive-focusing algorithm with 4-cm focal depth in a muscle-equivalent liquid
phantom. Note that the power level of each waveguide is at 100% relative to each other. The location of the focusing probe is
indicated with a red “+" sign.
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FIGURE 14. Effect of array illumination on radiation pattern for the case of adjusted uniform illumination: (a) array illumina-
tion (in percent of the selected power level of 5 W) and (b) resulting two-dimensional radiation pattern (in 10% power levels)
of the Microtherm-1000 using Lincoln Laboratory adaptive-focusing algorithm with 4-cm focal depth in a muscle-equivalent
liquid phantom. Note that the power level of each waveguide has been adjusted to provide equal amplitude as measured at
a receive probe located at the 4-cm depth. The location of the focusing probe is indicated with a red "+" sign.
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FIGURE 15. Effect of array illumination on radiation pattern for the case of inverse-tapered illumination: (a) array illumina-
tion (in percent of the selected power level of 5 W) and (b) resulting two-dimensional radiation pattern (in 10% power levels)
of the Microtherm-1000 using Lincoln Laboratory adaptive-focusing algorithm with 4-cm focal depth in a muscle-equivalent
liquid phantom. The power level of the outer ring of waveguides has been adjusted to provide twice the power of the inner
ring of elements as measured at a receive probe located at the 4-cm depth. The location of the focusing probe is indicated
with a red “+" sign.
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FIGURE 16. Measured E-field focused at z = 4 cm as a function of
adaptive phase-focusing gradient-search iteration number fora muscle-
equivalent liquid phantom. The power level at the focus increases by
17 dB as a result of the Lincoln Laboratory adaptive gradient-search

algorithm.

covering a range from 0° to 360°, We chose a maxi-
mum step size A¢ equal to five D/A states, which we
felt would guarantee convergence and stability of the
gradient-search algorithm. Each iteration took less
than 1 min to execute; thus the array was focused
automatically in less than 10 min, which should be a
short enough time for patient therapy. We did not
investigate varying the step size Ag, which would have
affected the rate of convergence.

The results from these investigations indicate that
the low number (16) of array antenna elements, the
high attenuation of the signal from the outer ele-
ments in the array, and the irregular beam patterns of
the individual elements prevent the Microtherm-1000
from producing a well-defined focus in lossy muscle
tissue at any appreciable depth beyond 3 cm. Because
two proven types of phase-optimization routines—
the systematic iterative-search algorithm and the gra-
dient-search algorithm—have yielded similar results,
we are confident that the measured data truly depict
the best possible performance of the Microtherm-
1000 system.

The use of beam shaping and different illumina-
tion strategies to improve the penetration depth could
be investigated in the future, but significant improve-
ment is not expected. Instead, a better strategy for
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improving the effective penctration depth might be
the use of a curved phased-array applicator with the
radiating antenna elements pointed directly toward
the focus to provide nearly equivalent path lengths
to the focal point from each radiating element. This
type of array geometry will be investigated in
future measurements.

Conclusion

The power-deposition capabilities of a microwave pla-
nar phased-array hyperthermia system using an adap-
tive-focusing algorithm have been characterized ex-
perimentally at the University of California at San
Francisco. The measurements shown in this article
demonstrate that an adaptive feedback gradient-search
focusing computer algorithm developed at Lincoln
Laboratory can be used to control the E-field radia-
tion pattern of the Microtherm-1000, a commercial
hyperthermia system consisting of a planar phased
array with 16 antennas operating at 915 MHz. In our
experiments, the algorithm was used to focus the E-
field (i.e., maximize the power deposition) of the
phased array at a desired target position.

The adaptive algorithm uses a gradient-search feed-
back technique (method of steepest ascent). In the
algorithm, transmit-weight phase dithering is used
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along with E-field probe power measurements at the
desired target position to calculate the required
gradient-search directions for sequentially and itera-
tively focusing all antenna element phase shifters of
the array. The algorithm produces two-dimensional
radiation patterns that are similar to those produced
by a systematic iterative-search algorithm that had
been demonstrated previously at UCSE

E-field focusing is intended to maximize the mi-
crowave power delivered to a tumor site relative to the
power deposited in surrounding normal tissues. The
data presented in this article suggest that this goal can
be achieved for shallow tumors (i.e., tumors less than
3 c¢cm beneath the skin surface) with a microwave
planar phased-array hyperthermia system using adap-
tive focusing. Measurements have proven that a pla-
nar phased array at 915 MHz can provide a useful
focus in lossy muscle tissue (dielectric loss of 3 dB/
cm) at a maximum depth of 3 cm.

With the hardware and software modifications
implemented at UCSE, the 16-channel 915-MHz
Microtherm-1000 system can now serve as a testbed
for new types of adaptive phased-array applicators.
Future measurements may investigate other types of
applicators, for example, a new noninvasive adaptive
phased array of monopole antennas operating at
915 MHz (recently designed and fabricated at Lin-
coln Laboratory [66]). Other non-planar array micro-
wave applicators are under development that should
provide much needed geometric flexibility for con-
forming to contoured body surfaces. Conformable
spiral microstrip antennas [46] have been used suc-
cessfully for superficial heating with noncoherent ar-
rays, but these arrays will very likely prove difficult to
focus at depth because of the radiated electric field,
which is circularly polarized and has a somewhat
higher normal field component. An alternative design
of a lightweight, conformable microwave antenna has
been reported in Reference 67. Although this antenna
also has a complex radiated field with an electric field
oriented radially across a circumferential gap and a
significant normal field component, this multi-ele-
ment array has demonstrated phase focusing at depth
in preliminary experiments at UCSF [68]. Perhaps
most suitable for use as a multi-element conformable
array applicator for phase-focused heating at depth is

the Current Sheet Applicator design [44, 69], which
has a linearly polarized electric field oriented tangen-
tial to the body surface for the simplified phasing of
adjacent elements.
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