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An RF hyperthermia applicator for induc-
ing a temperature rise in a human female breast
for treating carcinomas includes a waveguide ap-
plicator having an aperture and a phased-array
of monopole electric field radiators coupled to
a source of electric field energy for producing
electric field radiation output from the waveguide
through the aperture. Compression means is used
for compressing a human breast to a predetermined
thickness. The waveguide is positioned adjacent
to the compression means such that the breast is
positioned adjacent to the aperture and thereby re-
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ceives electric field radiation from the waveguide.
In another embodiment, at least two waveguide
applicators are positioned on opposite sides of the
compression means so that the compressed breast

532
<«—— FOCUS
533

BREAST 520

is positioned between the opposed apertures of the
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waveguides. An electric field probe is placed into
a target within the breast to assist in focusing the

‘electric field energy into the target. 522
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MINIMALLY INVASIVE MONOPOLE PHASED ARRAY HYPERTHERMIA
APPLICATORS FOR TREATING BREAST CARCINOMAS

BACKGROUND OF THE INVENTION

The successful treatment of deep-seated malignant
tumors within a patient is often a difficult task. The
objective of the treatment is to reduce in size or
completely remove the tumor mass by one or more modalities
available at the treatment facility. Common treatment
modalities are surgery, chemotherapy, and x-ray therapy.
One treatment modality used alone or in conjunction with
one of the above modalities is "tissue heating", or
hyperthermia. Hyperthermia can be considered as a form of
high fever localized within the body. A controlled
thermal dose distribution is required for hyperthermia to
have a therapeutic value. Typical localized-hyperthermia
temperatures required for therapeutic treatment of cancer
are in the 43-45°C range. Normal tissue should be kept at
temperatures below 43°C during the treatment. Typically,
hyperthermia is induced in the body by radio-frequency
(RF) waves, acoustic (ultrasound) waves, or a combination
of both. One of the most difficult aspects of
implementing hyperthermia, with either RF or ultrasound
waves, is producing sufficient heating at depth.
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Multiple-applicator RF hyperthermia arrays are commonly
used to provide a focused near-field main beam at the
tumor position. Ideally, a focal region should be
concentrated at the tumor site with minimal energy
delivered to surrounding normal tissue.

In RF hyperthermia systems, the hyperthermia antenna
beamwidth is proportional to the RF wavelength in the
body. A small focal region suggests that the RF
wavelength be as small as possible. However, due to
propagation losses in tissue, the RF depth of penetration
decreases with increasing transmit fregquency. One of the
major side-effects in heating a deep-seated tumor with a
hyperthermia antenna is the formation of undesired "hot
spots" in surrounding tissue. This additional undesired
heating often produces pain, burns, and blistering in the
patient, which requires terminating the treatment
immediately. The patient does not receive anesthetics
during the hvperthermia treatment in order to provide
direct verbal feedback of anv pain. Thus, techniques for
reducing hot spots while maximizing energy delivered to
the tumor site are desired in hyperthermia treatment.

RF hyperthermia systems with electric field
transmitting arrays, i.e., antenna arrays, in the
frequency band of 60-2000 MHz have been used to localize
heating of malignant tumors within a target body. Phase
control alone of the transmitting antennas of such an
array has been used to synthesize therapeutic RF radiation
patterns within'a target body. Theoretical studies of
adaptive control of individual antenna phase and power
(transmit weights) has been used to maximize the tumor
temperature (or RF power delivered to the tumor) while

minimizing the surrounding tissue temperature (or RF power
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delivered to the surrounding tissue). Invasive
temperature measuring technigues have been used to
optimize the radiation pattern within a target body .

One commercially available hyperthermia annular
phased-array antenna system is the Model BSD-2000,
SIGMA-60 applicator, available from BSD Medical
Corporation, Salt Lake City, Utah. This phased-array
system fully surrounds the patient, placing the patient at
the center of an annular array of dipole transmit
antennas. By fully surrounding the patient with an
annular phased-array, it is possible to obtain
constructive interference (or signal enhancement) deep
within the target volume. This hyperthermia system uses a
60 cm array diameter with eight uniformly spaced dipole
elements operating over the frequency band 60~-120 MHz.
The eight dipoles are fed as four active pairs of
elements. There are four high-power amplifiers which
drive the dipole pairs with up to 500 W average power per
channel. Each of the four active channels has an
electronically controlled variable-phase shifter for
focusing the array. Temperature and electric-field probe
sensors (both invasive and non-invasive) are used to
monitor the treatment. A cool-water (5-40°C) bolus
between the patient and the phased-array is used to
prevent excess heating of the skin surface. The water
bolus is filled with circulating distilled water, which
has a very low propagation loss.

SUMMARY OF THE INVENTION

In accordance with the invention, adaptive nulling

and/or focusing with non-invasive or minimally invasive
auxiliary probes is used to reduce or enhance the field

intensity at selected positions in and around the target
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body while maintaining a desired focus at a tumor thereby
avoiding or reducing the occurrences of "hot spots" while
enhancing heating of the tumor during ultrasonic or R.F.

hyperthermia treatment.
In general, in one aspect, the invention features a

hyperthermia applicator for inducing a temperature rise in
a human female breast for treating carcinomas including a
waveguide applicator having an aperture and an electric
field radiator coupled to a source of electric field
energy for producing electric field radiation output from
the waveguide through the aperture. Compression means is
used for compressing a human breast to a predetermined
thickness. The waveguide is positioned adjacent to the
compression means such that the breast is positioned
adjacent to the aperture and thereby receives electric
field radiation from the waveguide. In another
embodiment, at least two waveguide applicators are
positioned on opposite sides of the compression means so
that the compressed breast is positioned between the
opposed apertures of the waveguides.

In some embodiments, the electric field radiatoxr
includes a phased-array of electric field transmit
elements. The transmit elements can be monopole antenna
elements. The waveguide applicator includes an RF
reflecting groundplane surface for mounting the monopole
antenna elements, and another parallel RF reflecting
groundplane surface positioned such that the monopole
antenﬁa elements are between the groundplanes. An RF
reflecting screen is mounted perpendicular to the RF
groundplane surfaces and behind the monopole antenna
elements to reflect RF energy from the moncpole antenna

elements toward the aperture of the waveguide. The RF
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reflecting screen can be positioned between 1/8 to 1/2
wavelength from the monopole antenna elements. The
waveguide includes an enclosure surrounding the monopole
antenna elements providing a vessel for enclosing a bolus
of fluid between the monopole antenna elements and the
breast. The vessel can contain a bolus of deionized
water.

In other embodiments, the monopole antenna elements
are arranged along a circular arc of substantially
constant radius. The radius can be substantially the
distance from the monopole antenna array to the surface of
the breast adjacent an internal target or substantially
the distance from the monopole antenna array to a target
within the breast. The monopole antenna elements can
resonate at between 800 and 1000 MHz.

In still other embodiments, the hyperthermia
applicator includes at least one electric field probe for
detecting electric field radiation, and a controller
coupled to the electric field probe for receiving the
detected electric field radiation and controlling the
source of electric field energy applied to each phased-
array antenna transmit element. The electric field energy
from the source is adjusted in response to the detected
electric field radiation so that the detected electric
field radiation is maximized at the electric field probe.
A probe element can be inserted invasively within the
breast at the desired focus of the electric field energy.
Mammography means can be used for imaging the internal
structure of the b%east for visualizing placement of the
probe element.

In general, in another aspect, the invention features

a hyperthermia applicator having electric field radiators
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each coupled to a source of electric radiation through a
controllable transmit weighting network to control the
phase and amplitude of the electric field radiation
transmitted by each radiator. The transmit weighting
networks respond to feedback signals from a controller
coupled to electric field probes which receive the
electric field radiation from the radiators. The
controller adjusts the feedback signals in response to the
received electric field radiation so that the electric
field radiation is minimized at the electric field probes.
preferred embodiments include a phased array of
electric field radiators, and an annular array of electric
field radiators for surrounding the target.
The electric field probes include probes placed non-
invasively around the perimeter of the target where the
electric field energy is to be minimized. In one
embodiment, the target is modeled as an ellipse and the
electric field probes are placed at the front, back, and
on both sides of the ellipse.

In another aspect, the invention also features a
secondary electric field probe, and the controller adjusts
the feedback signals in response to the electric field
radiation received by the secondary electric field probe
so that the electric field radiation is maximized at the
secondary probe. Embodiments include placing the
secondary probe at the desired focus of the electric field
radiation.

In yet another aspect, the invention features the
controller performing either a matrix inversion algorithm
or a gradient search algorithm to adjust the feedback

signals controlling the transmit weighting networks in
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response to the electric field energy received by the
electric field probes.

In general, in another aspect, the invention features
a hyperthermia applicator for heating a target inside a
body, having electric field radiators each coupled to a
source of electric radiation through a controllable
transmit weighting network to control the phase and
amplitude of the electric field radiation transmitted by
each radiator. The transmit weighting networks respond to
feedback signals from a controller coupled to electric
field probes placed outside the body which receive the
electric field radiation from the radiators. The
controller adjusts the feedback signals in response to the
electric field radiation received outside the body so that
the electric field radiation is controlled at the target
inside the body.

Preferred embodiments include a phased-array of
electric field radiators, an annular array of electric
field radiators for surrounding the target, and an array
of monopole antenna elements for positioning nearby the
target.

In preferred embodiments of the monopole array, the
monopole antenna elements are perpendicularly mounted to
one side of an RF reflecting groundplane. An RF
reflecting screen is mounted perpendicular to the
groundplane surface behind the monopole antenna elements
to reflect RF energy from the monopole antenna elements
toward the target. The ground plane includes an aperture
for positioning the target on the same side of the ground
plane as the monopole antenna elements. An enclosure
surrounds the monopole antenna elements and provides a

vessel for enclosing a bolus of fluid, such as deionized
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water, between the monopole antenna elements and the body.
In other preferred embodiments another ground plane is
provided above the monopole antenna elements to form a
waveguide between the antenna elements and the target
body. Further, multiple waveguides and monopole antenna
arrays can be stacked.

In other preferred embodiments of the monopole array,
the monopole array antenna elements resonate between 800
and 1000 MHz and are arranged in a circular arc having a
radius of between 5 and 20 cm. The body is a cranium and
the target is a brain tumor. The radius of the monopole
array circular arc is either the distance from the
monopole antenna array to the center of the cranium, or to
the target tumor.

In still other preferred embodiments, the electric
field probes are non-invasively placed along the perimeter
of the body between the elements of the phased-array and
the target. The controller adjusts the feedback signal,
with a gradient search or matrix inversion algorithm, to
minimize the difference in the electric field detected by
adjacent electric field probes and thereby provide uniform
electric field radiation into the body .

In yet other preferred embodiments, the electric
field probes are formed into an array non-invasively
placed between the phased array and the target. The
controller adjusts the feedback signal, with a gradient
search or matrix inversion algorithm, to provide a
particular electric field pattern across the electric
field probe array and thereby focus radiation into the
target. The electric field probe array elements are
placed symmetrically with respect to a bisector line which

runs from the target to the phased array to bisect the
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phased array. The controller adjusts the feedback signal
to balance the electric field pattern with respect to the
bisector line, and to minimize the difference in the
electric field detected along the bisector line.

Thus, the present invention offers the advantages of
allowing effective hyperthermia treatment to be applied to
deep-seated tumors within the body while reducing or
eliminating hot-spot formation on the surface of the body
which interferes with the treatment. Another advantage is
that hot spots are eliminated quickly by sensing and
adjusting the E-field radiation in the vicinity of the
expected hot spot rather than by measuring the temperature
rise of the tissue after heating has already occurred.
Still another advantage is that the E-field sensing probes
may be located on the surface of the target rather than
having to be invasively placed within the target body. A
further advantage is that the E-field radiation can be
focused on a target inside a body using E-field sensing
probes non-invasively placed outside the body to maximize
heating of the target tissue.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and

advantages of the invention will be apparent from the

following more particular description of preferred

embodiments of the invention, as illustrated in the

accompanying drawings in which like reference characters
refer to the same parts throughout different views. The
drawings are not necessarily to scale, emphasis instead

being placed upon illustrating the principles of the

invention.
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FIG. 1 is a perspective view of an RF annular array
hyperthermia system featuring the adaptive nulling of this
invention.

FIG. 2 is a cross-sectional representation of the

annular array of FIG. 1.
FIG. 3 is an analytical model of the cross-sectional

representation of FIG. 2.

FIG. 4 is a simulated thermal profile of the
analytical model of FIG. 3 without the adaptive nulling of
this invention.

FIG. 5 is a simulated thermal profile of the
analytical model of FIG. 3 with the adaptive nulling of
this invention.

FIG. 6 is a schematic diagram of the adaptive
hyperthermia array and array controller of FIG. 1.

FIG. 7 is a schematic diagram of an analytical model
of an adaptive array for simulating the hyperthermia array

of FIG. 1.
FIG. 8 is a block diagram detailing the sample matrix

inversion algorithm derived from the adaptive hyperthermia
array model of FIG. 7.

FIG. 9 is a block diagram of the sample matrix
inversion algorithm performed by the hyperthermia array

controller of FIG. 6.

FIG. 10 is a scatter diagram of transmit weights used
in deriving the gradient search adaptive hyperthermia
algorithm.

FIG. 11 is a diagram showing the derivation of the
gradient search directions.

FIG. 12 is a block diagram of the g*adlen; search

performed by the hyperthermia array controller of FIG. 6.
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FIG. 13 is a schematic diagram of the analytical
model of FIG. 7 redra&n to simplify derivation of method
of moments analysis.

FIG. 14 is a schematic diagram of an equivalent
circuit model for simulating an auxiliary probe.

FIG. 15 is a schematic diagram of a thermal
conductivity model for simulating hyperthermia heating
within a target.

FIG. 16(a) is a block diagram detailing the
simulation model of the hyperthermia array of FIG. 1.

FIG. 16(b) is a table of values used in the
simulation model of FIG. 16(a).

FIG. 17 is a schematic diagram of the transmit
antenna array and auxiliary probe array geometries for the
simulation model of FIG. 1lé(a).

FIG. 18 is a diagram of the simulated E-field for the
simulation model of FIG. 16(a) prior to adaptive nulling.

FIG. 19 is a diagram of the simulated profile in 1 dB
steps for the E-field of FIG. 18.

FIGS. 20 and 21 are diagrams of the simulated E-field
profile of FIG. 19 taken along the x- and z- axes,
respectively.

FIG. 22 is a diagram of the simulated E-field for the
simulation model of FIG. 1l6(a) after adaptive nulling.

FIGS. 23 and 24 are diagrams of the simulated E-field
of FIGS. 18 and 22 taken along the x- and z- axes,
respectively.

FIG. 25(a) is a diagram of the simulated E-field
before and after adaptive nulling_taken longitudinally in
the y direction along the x=15, z=0 cm line of the

geometry shown in FIG. 25(b).
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FIG. 26(a) is a diagram of the simulated E-field
before and after adaptive nulling taken longitudinally
along the y axis (x=0, z=0 cm) of the geometry showni in
FIG. 26(Db).

FIGS. 27(a) and 27(b) are graphs showing the transmit
weight amplitude and phase, respectively, before and after
adaptive nulling.

FIG. 28 is a graph showing the channel correlation
matrix eigenvalues.

FIG. 29 is a diagram of the simulated target
temperature profile for the E-field of FIG. 18 prior to
adaptive nulling.

FIGS. 30 and 31 are diagrams of the temperature
profile cf FIG. 29 taken along the x- and z- axes,
respectively.

FIG. 32 is a diagram of the simulated target
temperature profile for the E-field of FIG. 22 after
adaptive nulling.

FIGS. 33 and 34 are diagrams of the temperature
profile of FIGS. 29 and 32 taken along the x- and z- axes,
respectively.

FIG. 35 is a diagram of the simulated target
temperature profile for the E-field of FIG. 18 prior to
adaptive nulling.

FIG. 36 is a diagram of the simulated target
temperature profile for the E-field of FIG. 22 after
adaptive nulling.

FIGS. 37 and 38 are diagrams of the temperature
profile of FIG. 36 taken along the x- and z- axis,
respectively. '

FIG. 39 is a cross-sectional view of an annular

phased array hvperthermia system and saline phantom used
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for gathering experimental adaptive nulling and focusing
data.

FIG. 40 is a diagram of the E-field amplitude
measured at a single null site, the tumor site, and a
reference site, versus gradient search iteration for the
experimental hyperthermia system and phantom of FIG. 39.

FIG. 41 is a diagram of the simulated E-field power
versus gradient search iteration at the single null site
of FIG. 40.

FIG. 42 is a cross-sectional view of a beef phantom
used in place of the saline phantom in the experimental
system of FIG. 39.

FIG. 43 is a diagram of the E-field amplitude
measured at a single null site, the tumor site, and a
reference site, versus gradient search iteration for the
experimental hyperthermia system of FIG. 39 using the beef
phantom of FIG. 42.

FIG. 44 is a diagram of the measured temperature
versus time at the beef phantom tumor site and the single
null site of FIG. 42.

FIG. 45 is a diagram of the E-field amplitude
measured at two null sites and the tumor site, wversus
gradient search iteration for the experimental
hyperthermia system and phantom of FIG. 39.

FIG. 46 is a diagram of the E-field amplitude
measured at a focus on the surface of the saline phantom
versus gradient search iteration for the experimental
hyperthermia system and phantom of FIG. 39.

FIG. 47 is a perspective view of an RF monopole array
hyperthermia system for treating brain ﬁumors, featuring

the adaptive focusing of this invention.
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FIG. 48 is a top-view of the monopole phased array
hyperthermia system of FIG. 47

FIG. 49 is a cross-sectional side view of the RF
monopole phased array hyperthermia system of FIG. 47.

FIG. 50 is a schematic diagram of the monopole phased
array hyperthermia system of FIG. 47 and an array

controller.
FIG. 51 is a schematic diagram of the monopole phased

array geometries for the hyperthermia system of FIG. 47.

FIG. 52 is a schematic diagram of the monopole phased
array and electric field probe array geometries for the
hyperthermia system of FIG. 47 .

FIG. 53 is a diagram of a simulated E-field pattern
for the monopole phased array geometry of FIG. 52.

FIG. 54 is a diagram of the simulated E-field pattern
of FIG. 53 taken parallel to the x- axis along the line
z=5.08 cm. ' '

FIG. 55 is a diagram of the simulated temperature
profile for the simulated E-field pattern of FIG. 53.

FIG. 56 is a schematic diagram of the monopole phased
array hyperthermia system of FIG. 47 with an electric
field probe array for generating uniform RF illumination
over a large area of a target.

FIG. 57 show the monopole phased array system of FIG.
48 including the addition of a top ground plane surface
forming a parallel plate waveguide.

FIGS. 58A shows a cross-sectional view of the wave
guide of FIG. 57.

FIG. 58B shows a cross-sectional view of an

alternative embodiment of the waveguide of FIG. 58A having

diverging surfaces.
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FIG. 58C shows a cross-sectional view of another
alternative embodiment of the waveguide of FIG. 58A having
flared surfaces forming a horn.

FIG. 59 shows a cross-sectional view of another
alternative embodiment of the waveguide of FIG. 58A having
multiple stacked monopole phased array antennas and
associated stacked waveguides.

FIG. 60 is a block diagram of a microwave transmit
and receive module for use with the monopole phased array
system of FIG. 47.

Figs. 61-63 show an embodiment of a non-invasive RF
monopole phased array hyperthermia waveguide applicator
for treating malignant breast tumors.

Fig. 64 shows the use of two opposed applicators of
Figs. 61-63 to irradiate breast tissue to produce
hyperthermia during treatment.

Fig. 65 shows a breast tissue phantom used for
measuring radiation patterns generated by the two opposed
hyperthermia applicators of Fig. 64 positioned on opposite
sides of the breast phantom in a mirrored configuration.

Fig. 66 shows RF energy contours (two dimensional
electric field pattern) for the breast phantom of Fig. 65
as determined by an ideal computer simulation based on ray
tracing.

Fig. 67 shows measured data taken along the Y axis
through the breast phantom of Fig. 65, and its
relationship to simulated data calculated by computer
along the same axis, shown in Fig. 66.

Figs. 68 and 69 are simulated radiation patterns
which show that radiation can be focused at positions

within the breast tissue offset from the center of the

opposed monopole array.
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Figs. 70 and 71 are simulated radiation patterns
which show that a single monopole array applicator can
also be used to effectively focus radiation into the

target.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Apparatus
Referring to FIG. 1, there is shown a hyperthermia

annular phased-array system 100 having improved "hot spot*
characteristics achieved by utilizing the focused near-
field adaptive nulling apparatus of this invention. An
annular hyperthermia phased-array applicator 102,
energized by a hyperthermia array controller 101, has a
plurality of dipole transmit antenna elements 104 placed
around a patient to be treated, or target body 106. The
dipole antenna elements are uniformly disposed around the
patient. Each dipole antenna element is oriented parallel
to the other dipole antennas and parallel to a
longitudinal axis A-A passing through the center of a
cylinder defined by applicator 102. The patient is
positioned within the hyperthermia phased array applicator
102 such that the deep-seated tumor to be treated 107 is
at the approximate center, or focus, of the phased array
applicator. A water-bolus 105 is provided between the
patient and the phased array applicator to control the
temperature of the patient’s skin. Phased-array
applicator 102 therapeutically illuminates the target body
106 with electric field (E-field) energy radiated by
dipole antenna elements 104 focused on tumor 107 deep
within the body.

An ekample of a deep-seated tumor is cancer of the
prostate. The tumor volume often has a decreased blood

flow which aids in heating the tumor, compared to normal
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tissue for which heat is carried away by normal blood
flow. 1In practice, undesired high-temperature regions
away from the focus can also occur on the skin and inside
the volume of the target body. For example, scar tissue,
which has a decreased blood flow rate, will tend to heat
up more rapidly than normal tissue having normal blood
flow.

In the adaptive hyperthermia array of this invention,
electric-field nulls are used to reduce the power
delivered to potential hot spots. Computer simulations,
described herein, establish that non-invasive field
probes, or sensors, 112 placed on the surface of the
target can be used to eliminate hot spots interior to the
target tissue. With the adaptive hyperthermia phased-
array described herein, RF energy nulls are adaptively
formed to reduce the electric field energy delivered to
these potential hot spots. As will be shown, the energy
nulls achieved by the adaptive nulling apparatus of this
invention are both invasive to the target, i.e., extend
into the target body, and non-invasive to the target,
i.e., on the surface cf the target.

Referring to FIG. 2, there is shown a schematic
cross-sectional representation of an embodiment of an
eight-element hyperthermia phased-array applicator 102 of
FIG. 1. Phased-array applicator 102 has transmit antennas
104, through 1044, arranged symmetrically surrounding a
human body target 106’ at the prostate level.

An analytical model of the embodiment of FIG. 2 1is
shown in FIG. 3. Here, an elliptical phantom target 106
is used to model the prostate—level'crbss section of the
human body 106’. The center 107 of the elliptical phantom

models the location of the prostate tumor to receive
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hyperthermia treatment, i.e., the focus of RF energy for
the phased array applicator 102. Water bolus 105 is
assumed to surround the target body 106, and is treated as
a homogeneous medium for analysis purposes.

Four auxiliary RF E-field probes, or sensors, 112,
through 112,, i.e., receiving antennas, are placed around
the perimeter of the target to model non-invasive probes
placed on the skin of the human body target. Each
auxiliary probe 112, through 112, has a corresponding null
zone 120, through 1204, respectively, centered at each
auxiliary probe and extending into the elliptical target
region 106. Each null zone indicates an area in which
undesired "hot spots" are reduced or eliminated. The
width of each null zone is directly related to the
strength of each null. The strength of each null
(sometimes referred to as the amount of cancellation) is
directly related to the signal-to-noise ratio at the probe
position (SNRp). A low SNRp indicates a large amount of
nulling (strong null), and a high SNRp indicates a small
amount of nulling (weak null). The resolution, or minimum
spacing, between the focus 107 and any null position is
normally equal to the half-power beamwidth of the transmit
antenna. Resolution may be enhanced somewhat by using
weak nulls whenever the separation between the null and
focus is closer than the half-power beamwidth.

Referring to FIG. 4, there is shown the results of a
simulation of the thermal distribution inside the target
body 106 for the hyperthermia ring array applicator 102 of
the analytical model of FIG. 3, without adaptive nulling,
transmitting into the target body. For simulation
purposes, target body 106 1is assumed to be a homogeneous

elliptical region, and the RF energy from the array is
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focused at the center of the ellipse 107, simulating the
tumor site. No adaptive nulling is used. The contour
lines of the thermal distribution represent isotherms
having the indicated temperature in degrees Celsius (°C),
and are spaced at 2°C intervals. The simulation shows
that the focus is expected to have a temperature of
approximately 46°C, while two undesired "hot spots" 122
and 124 to the left and right of the focus, respectively,
are expected to have temperatures of approximately 42°C.

FIG. 5 shows a simulated thermal distribution for the
model of FIG. 3 where the adaptive nulling methods of this
invention are applied. Comparison of FIG. 5 with FIG. 4
show that the "hot spots" 122 and 124 are essentially
eliminated, no new *hot spots" have been produced within
the target body, and the peak temperature induced at the
focus is still approximately 46°C.

Referring to FIG. 6, a generalized schematic of the
non-invasive adaptive-nulling hyperthermia system of FIG.
3 includes hyperthermia transmitting phased array
applicator 102 having a plurality of transmitting antenna
elements 104,, where n=1,...,N, surrounding target body
106 for focusing RF energy at focus 107 within the target
body. Phased array applicator 102 is energized by an RF
energy source 108 which is distributed to and drives each
transmit antenna element 104, through a corresponding
transmit weighting function 110,, each having a
corresponding weight w,. Each weighting function w, may
affect the gain and phase of the RF energy fed to its
corresponding antenna 104, in the array, i.e., w,
represents a complex weighting functiori. Each weightirig
function 110, may be implemented by a voltage controlled
RF amplifier and a voltage controlled RF phase shifter.
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An amplitude control voltage representing the amplitude
component of transmit weight w, is fed to the voltage
controlled amplifier, and a phase control voltage
representing the phase of transmit weight w, is fed to the
voltage controlled phase shifter.

Target body 106 has a plurality of E-field auxiliary
probes 112, where m=1,...,Nyux- i.e., receiving antennas,
positioned at various locations on the surface of the body
for sampling the E-field at each particular location.
Another receiving probe 115 may be placed at the desired
focus 107 of the array.

Receiving probes 112, and 115 each drive an input to
an RF receiver 114. The transmit amplitude and phase
weights of each weighting function w, are fed to the
receiver 114 through lines 103, and are used to find the
transmit level of each transmit element 104,. The outputs
of receiver 114 represent the auxiliary probe-received
complex voltages Vi,Va, **°sVNaux' the focus probe-received
complex voltage Vg, and the transmit level of the phased
array. The receiver outputs drive the inputs of a signal
processor 116, which applies a nulling algorithm to adjust
the weighting functions wy and thereby null, or minimize,
the RF signal received by each receiving probe 112, i.e.;
minimize the SNRp at each probe.

To generate the desired field distribution in a
clinical adaptive hyperthermia system, the receiving
probes are positioned as close as possible to the focus
(tumor site) and to where high temperatures are to be
avoided (such as near the spinal cord and scar tissue) .
For an annular array configuration the receiving probes
can be located non-invasively on the surface (skin) of the

target. Initially, the hyperthermia array is focused to
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produce the required field intensity at the tumor. An
invasive probe may be used to achieve the optimum focus at
depth. To avoid undesired hot spots, it is necessary to
minimize the power received at the desired null positions
and to constrain the array transmit weights w, to deliver
a required amount of.transmitted or focal region power.

Signal processor 116 performs either a sample matrix
inversion (SMI) algorithm or a gradient search algorithm
on the signals output from receiver 114 and updates the
adaptive array weights w, (with gain g and phase ¢) to
rapidly (within seconds) form the nulls at the auxiliary
probes before a significant amount of target heating takes
place. With this adaptive system, it is possible to avoid
unintentional hot spots in the proximity of the auxiliary
probes and maintain a therapeutic thermal dose
distribution at the focus (tumor).

Signal processor 116 may also perform a maximizing
algorithm to maximize energy at the focus 107. The focus
probe 115 is invasively placed at the desired focus 107,
and used to generate a maximum signal, or signal-to-noise
ratio (SNRp), at the tumor site. RF receiver 114 makes an
amplitude and phase measurement on the output signal from
invasive probe 115 for each transmit antenna element 104,
radiating one at a time. Signal processor 116 processes
these measurements and feeds back weight command signals
to the transmit weighting'functions 110, to calibrate or
phase align the transmit channels to thereby maximize the
SNRp, or RF power, at the invasive focal point probe. If
receiver 114 makes amplitude-only measurements from
invasive focus probe 115, then a gradient search technique

may be applied by the signal processor with all elements
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transmitting simultaneously to maximize the SNRp at the

invasive focal point probe.
Theoretical Formulation of Nulling Algorithms
FIG. 7 shows an analytical model of a hyperthermia

phased-array antenna system 200, paralleling the
generalized hyperthermia phased-array antenna system 100
of FIG. 6, illustrating the principles of the near-field
adaptive nulling technique of this invention. The phased-
array antenna system 200 includes a hyperthermia
transmitting antenna array 202 having a plurality of
transmitting antennas 204,, where n=1,...,N for focusing
RF energy at a desired focus 207 ‘in the near field of the
antenna. Antenna array 202 is energized by an RF energy
source 208 which drives a power divider 209. Power
divider 209 has one output for driving each antenna 204, a
corresponding transmit weighting function 210, each
having a corresponding transmit weight w,. It is assumed
here that each weighting function w, may affect the phase
of the RF energy fed to its corresponding antenna 204, in
the array. A calibration E-field probe 212, or focus
probe antenna, is positioned at focus 207 for sampling the
E-field at that location.

It is assumed that the hyperthermia phésed—array
antenna 200 is focused (as it normally is) in the near
field and that a main beam 220 and possibly sidelobes 222
are formed in the target. In general, phase and amplitude
focusing is possible. It is assumed that phase focusing
alone is used to produce the desired quiescent main beam,
i.e., weighting functions wj affects only the phase of the
RF signal driving each antenna. The signal received by
the calibration probe can be maximized by adjusting the

phase weighting functions w, so that the observed transmit
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antenna element-to-element phase variation is removed,
i.e., all transmit antennas appear to be in-phase when
observed from the focus.

One way to achieve phase coherence at the focus in a
numerical simulation is to choose a reference path length
as the distance from the focus to the phase center 224 of
the array. This distance is denoted rp and the distance
from the focus to the nth array transmit antenna element
is denoted rfﬂ The voltage received at the calibration
probe 212 (located at focus 207) due to the nth array
element may be computed using the "method of moments", as
described below. To maximize the received voltage at the
calibration probe output, it is necessary to apply the
phase conjugate of the signal observed at the calibration
probe, due to each array transmit antenna element, to the
corresponding element at the transmit array. The
resulting near-field radiation pattern will have a main
beam and sidelobes. The main beam will be pointed at the
array focal point, and sidelobes will exist at angles away
from the main beam. Auxiliary probes can then be placed
at the desired null positions in the gquiescent sidelobe
region. These sidelobes occur where tissue hot spots are
likely to occur, and they are nulled by one of the
adaptive nulling algorithms described below.

Adaptive Transmit Array Formulation

Considering again the hyperthermia array and probe
geometry shown in FIG. 7, the hyperthermia transmit
antenna array 202 typically contains N identical transmit

antenna elements 204. The number of adaptive channels is
denoted M, and for a fully adaptive array M=N. The idezal
transmit weights w, (a complex voltage gain vector) are

assumed in the computer simulation, with w =
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(wy,wy, ..., wy) T denoting the adaptive channel weight vector
as shown in FIG. 6. (Superscript T means transpose). To

generate adaptive nulls, the transmit weights (phase and
gain) are controlled by either the Sample Matrix Inversion
(SMI) algorithm or a gradient search algorithm. The SMI
algorithm has the flexibility to operate in either open-
or closed-loop feedback modes; the gradient search
algorithm operates only in a feedback mode.

Sample Matrix Inversion (SMI) Algorithm

For the SMI algorithm, the fundamental quantities
required to fully characterize the incident field for
adaptive nulling purposes are the adaptive channel cross
correlations. To implement this algorithm it is necessary
to know the complex received voltage at each of the
auxiliary probes. For example, the moment-method
formulation (described below) allows computation of
complex-received voltage at each of the auxiliary probes.

FIG. 8 is a block diagram showing the SMI algorithm
applied to the adaptive hyperthermia phased-array of FIG.
7, and the derivation of performance measures to quantify
computer simulation results. Four performance measures
are used to quantify the computer simulations:
electric-field distribution E(x,y,z), channel correlation
matrix eigenvalues iy, k=1,...,N, adaptive transmit
weights w,, and interference cancellation C. The
calculation of these performance measures is described in
detail below.

Assuming a spherical wavefront is incident at an ith
probe antenna 226 due to each of the N array transmit
antenna elements 204, (radiating oﬁe at a time with a
unity-amplitude reference signal), the result is a set of

probe-received complex voltages denoted Vi, Vi, eee, vy
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after a gain adjustment 250. The cross correlation ng of
the received voltages due to the mth and nth transmit
antenna (adaptive transmit channel) at the ith probe is

given by
RE=E(v,vD) (1)

where & means complex conjugate and E(e¢) means
mathematical expectation. (Note: for convenience, in
Equation (1) the superscript i in v, and in v, has been
omitted.) Because v, and v, represent voltages of the
same waveform but at different times, Rmé is also referred
to as an autocorrelation function.

In the frequency domain, assuming the transmit
waveform has a band-limited white noise power spectral
density (as commonly assumed in radar system analysis),
Equation (1) can be expressed as the freguency average

i [Fve)vieadr (2)

where B = f,-f; is the nulling bandwidth, or bandwidth of
frequencies applied by the hyperthermia treatment, and f
is the transmit frequency of the hyperthermia array. It
should be noted that v,(f) takes into account the transmit
wavefront shape, which is spherical for the hyperthermia
application. For the special case of a continuous wave
(CW) transmit waveform, as normally used in hyperthermia,

the cross correlation reduces to
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Ri=v (£,) va(£,) (3)

where f, is the transmit freguency of the hyperthermia
array.

Next, the channel correlation matrix, or interference
covariance matrix, denoted R is determined 252. (Note: in
hyperthermia, interference is used to refer to the signals
received at the auxiliary probes. The undesired "hot
spots" can be thought of as interfering with the therapy.)
If there are N, independent desired null positions or
auxiliary probes, the N, x~probe channel correlation matrix
is the sum of the channel correlation matrices observed at

the individual probes. That is,

Naux
R:E R1+I R (4)

i=1

where R; is the sample channel correlation matrix observed
at the ith probe and I is the identity matrix used to
represent the thermal noise level of the receiver for
simulation purposes.

Prior to generating an adaptive null, the adaptive
channel weight vector, w, 1is chosen to synthesize a
desired quiescent radiation pattern. When nulling 1is
desired, the optimum set of transmit weights to form an

adaptive null (or nulls), denoted w,, is computed 254 by

w,=R7lw, , (5)



10

15

20

WO 95/14505

PCT/US94/13564

-27-

where ! means inverse and wg is the quiescent weight
vector. During array calibration, the normalized
quiescent transmit weight vector, with transmit element
204, radiating, is chosen to be w§=(l,0,0,oo-,0)T, i.e.,
the transmit channel weight of element 204, is unity and
the remaining transmit channel weights are zero. Similar
weight settings are used to calibrate the remaining
transmit elements. For a fully adaptive annular array.
focused at the origin in homogeneous tissue, the
normalized quiescent weight vector is simply
w§=(l,l,l,---,l)T. Commonly, the weight vector is
constrained to deliver a required amount of power to the
hyperthermia array or to the tumor. For simplicity in the
computer simulation used to analyze the hyperthermia

array, the weights are constrained such that

N
Y lwalt=r (6)

n=1

where w, is the transmit weight for the nth element. It
should be noted that in the computer simulations, the
electric field due to the normalized weight vector is
scaled appropriately to deliver the reguired amount of
power to the tissue so that a desired focal-region
temperature level is achieved after t minutes. The

summation of power received at the probes is given by
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where ! means complex conjugate transpose. The
signal-plus-noise-to-noise ratio for the auxiliary probe
array, denoted SNRp, is computed as the ratio of the
auxiliary probe array output power (defined in Equation
(7)) with the transmit signal present, to the probe array

output power with only receiver noise present, that is,

_ wiRw (8)

Next, the adaptive array cancellation ratio indicative of
the null strength, denoted C, is determined 255. C is
defined here as the ratio of the summation of
probe-received power after adaptation to the summation of
probe-received power before adaptation (guiescent); that
is,

c=2a : (9)
bg

A large amount of cancellation indicated by a large value
for C indicates a strong null, while a small amount of
cancellation indicated by a small value for C indicates a

weak null. Substituting Equation (7) into Equation (9)
yvields

R
Rw
WaVa . (10)

T
woRwW,
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Next, the channel correlation matrix defined by the
elements in Equations (2) or (3) is Hermitian (that is,
=r"), which, by the spectral theorem, can be decomposed

256 in eigenspace as

M
R=Y Ace.el . (11)
k1

where Ay, k=1,2, « ¢ /M are the eigenvalues of R, and ey,
k=1,2,+ ¢ +,M are the associated eigenvectors of R. The
channel correlation matrix eigenvalues (Ag g, e », Ay) are
a convenient quantitative measure of the use of the
adaptive array degrees of freedom. The amplitude spread
between the largest and smallest eigenvalues is a
quantitative measure of the dynamic range of the
interference (hot spot) signals. FIG. 9 is a block
diagram of the sample matrix inversion algorithm
implemented by the signal processor 116 of FIG. 6.
Receiver 114 generates probe-received complex voltage
vector Vf,vj,v-o,vj for the ith auxiliary probe. The
signal processor generates 280 the transmit channel
correlations Rmé defined by equation (3), and sums 282
them to form the channel correlation matrix R defined by
equation (4). Next, the signal processor multiplies 284
the inverse of the channel correlation matrix R™! by the
quiescent transmit weight wvector wg to form the new
adapted transmit weight vector w, containing the adapted

transmit weights fed back to the transmit weight networks

110, of FIG. 6.
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Gradient Search Algorithm
Under conditions where only the probe received
voltage amplitude is measured, it is appropriate to

consider a gradient search algorithm to minimize the

interference power at selected positions. The gradient
search is used to control the transmit weights wy
iteratively such that the RF signal received by the probe
array is minimized. The transmit array weights (gain and
phase) are adaptively changed in small increments and the
probe array output power is monitored to determine weight
settings that reduce the output power most rapidly to a
null.

Consider J sets of N transmit weights that are
applied to adaptive hyperthermia phased array applicator
102 of FIG. 6. In terms of adaptive nulling, the optimum
transmit weight settings (from the collection of J sets of
N transmit weights) occur when the SNRp is minimized.
Equivalently, the total interference power received by the
auxiliary probe array, denoted p®e¢, is to be minimized.
For notational convenience let a figure of merit F denote
either the SNRp or p'°‘ and employ a gradient search to

find the optimum transmit weights to minimize F, that is,

F

pe=Min (Fy) J=1,2,,J . (12)

The transmit weight settings for which Pbpt occurs yields
the closest approximation to the optimal transmit weights
determined by using the sample matrix inverse approach

described above.
FIG. 10 shows an amplitude and phase scatter diagram

for the N complex transmit weights w, at the jth

configuration, i.e., the jth set of weights tried. The
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nth transmit weight in the jth configuration of transmit

weights is denoted

o,
Woy=Ans€ " (13)

where Apj is the transmit weight amplitude distributed
over the range Ap;, to Ap.y and Op is the transmit weight
5 phase distributed over the range -n to m radians.
Referring also to FIG. 11, it is desired to find the

values of amplitude and phase for each of the N transmit
rec
)

weights such that the figure of merit F (SNRp or p is
minimized. When the figure of merit is minimized,
10 adaptive radiation pattern nulls will be formed at the
auxiliary probe positions.
Assuming an initial setting of the N transmit weights
such as those selected to focus the radiation pattern on a
tumor, the weights are adjusted by dithering them until
15 the optimum figure of merit is achieved. It is desired to
find the collective search directions for the N transmit
weights such that F decreases most rapidly. That 1is,
weights are selected so that the directional derivative is
minimized at (Aj,mj), where A and ©; are vectors
20 representing the transmit amplitude weights and transmit
phase weights, respectively, for the jth configuration.
The directional derivative of F, is expressed in
terms of the amplitude and phase changes of the transmit

weights as
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N o 9F, oF
D = —_T el T (14)
(F) =), (G5 T 35, ans)

where § means partial derivative, and Ip,j, Tonj 2%€ the
(4, o) directions for which F is decreasing most rapidly.

The directions Ipnj, Tonj 8r€ constrained by

N
E (Iinj"’fgnj) =1 . (15)

i=1

It is desired tc minimize D(Fj) subject to the above
5 constraint equation.
Using Lagrange multipliers it is possible to

construct the Lagrangian function

& OF, oF ud
04, 0P ,; et

n=1

where G is a constant to be determined. The requirement

that Ly be an extremum implies

oL, oF;
I =—J-26r,,;=0 ,n=1,2," N (17)
0r,,; OA,;
10 and
‘8L, OF,
i =3 -2Gre,;=0 ,n=1,2," N (18)

Ton; OF

nj
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L™ aai;. (19)
and
Tons= 2 aa(fj : (20)

nj

Squaring equations (19) and (20) and invoking eguation
(15) yields

il d af- oF.
e 1 jy2 Jy2 (21)
121 J:‘zmﬂ-:rq,,,J 1 2 2n2=1 [(—aAnj) +{ aq)nj) ]

thus,

N
1 OF; \,. 9F; s O (22)
G—ia\jz[(a S E-E T N

n=1 nj nj
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Substituting this expression for G in equations (19) and

(20) gives

aF,

A,
Tan=" = (23)

and

BFE
3%,
Loni™ = 7 F (24)
. .
[ (==L ) %+ (=L)2]
3

The minus sign was chosen corresponding to the direction
of maximum function decrease. This choice of minus sign
in equation (22) enforces nulls in the hyperthermia array
radiation pattern. Alternatively, if the positive sign in
equation (22) is selected, then the gradient directions
can be used to maximize the figure of merit for the
purposes of focusing at an invasive probe at the tumor
site, i.e., maximize the SNRg. This may be used, for
example, to determine the quiescent transmit weight vector

W Thus, two gradient searches may be performed to

ogtimize the radiation pattern of the hyperthermia array.
The first to produce a peak or focused radiation pattern
at the tumor, and the second to form the desired nulls at
the auxiliary probes. Furthermore, these two gradient

searches may be implemented as a single, combined gradient
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search constrained to maximize the radiation pattern at
the focus and minimize the radiation pattern at the
desired nulls. The combined gradient search is
implemented by minimizing the figure of merit defined as
5 the ratio of the power received at the auxiliary probes to
the power received by the probe at the focus.
The partial derivatives

ffi, aF"; n=1,2,",N (25)

represent the gradient directions for maximum function
decrease. Since the figure of merit F cannot be expressed
10 here in analytical form, the partial derivatives are

numerically evaluated by using finite differences. Thus,

we write
OF; _ AP (26)
04,; 284,
and
0F. AF
Z $ng 27
5%,, 289, (27

where as shown in FIG. 2 the figure of merit differences

15 are
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APy Fy (BB g @) ~Fy (BB @) (28)
and
AF@nszj (Anj; ¢nj+A@nj) _Fj (Anj; q)nj—Aan) (29)

and AAnj and ACDnj are assumed to be small increments.
We will assume that the increments AAnj and Aonj are
independent of the configuration number and element

number, that is,
Aa ;=AA (30)
and
AD =AD . (31)
Substituting equations (26), (27), (30) and (31) in

equations (23) and (24) gives the desired result for the

search directions
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AF,,,
- AA
TR ar AF (32)
\JE“ T22) 2+ 50"
n=1
and
AFﬁnj
r@ .= Aq) (33)
nj
3 ((Afaz )2, (Llonsya
& " TAA AD

Equations (32) and (33) are used to compute the new
amplitude and phase settings of the (j+1)th transmit

weight configuration according to

Ap, e =AnstAAT 4y (34)

5 and

o, ;=0 +ABIL,,; . (35)

n,j+1

In practice, it may be necessary to keep one of the
transmit weights fixed (in amplitude and in phase) during
the gradient search to guarantee convergernce.
FIG. 12 1is a block diagram of the gradient search
10 algorithm implemented by the signal processor 116 of FIG.
6. Each of the N transmit antennas 104, of phased array

applicator 102 (FIG. 6) is driven through 1its
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corresponding weighting network 110, which applies complex
transmit weights wh; at the jth configuration of the
weights. The transmit antennas induce a voltage across
the ith probe antenna 112, at the corresponding input to
receiver 114 (FIG. 6). Receiver 114 amplifies the signal

received from the ith probe by gain a; to produce voltage

amplitude vector /Vlf/,/v?f/,---,/vwﬁ/ at the receiver

output.

The voltage amplitude vector is input to signal
processor 116 which performs the gradient search. For any
initial configuration (j=1) of the transmit weights Wnyo
the signal processor causes each weight to be dithered by
a small amount in amplitude, AAnj, and phase, Amnj. Each
transmit weight is dithered independent of the other
transmit weights, which remain in their jth configuration
state. Received voltage vectors /Vﬁf/’/VZf/"'°’/VMf/'
i.e., are stored and used to calculate the resulting
figure of merit Fpj 300 for each dithered condition, the
figure of merit being the power received by the auxiliary
prove array. The figure of merit is a rectangular matrix
of dimension N x 4, where the dimensionality of four is
due to the plus and minus dithering of both of the
amplitude and phase. The figure of merit differences Afﬁnj
and Afbnj caused by dithering the amplitude and phase,
respectively, are calculated according to equations (28)
and (29). The gradient search directions Tanj and Iopny
based upon minimizing the auxiliary probe array received
power, are then.determined 302 from the figure of merit
differences according to equations (32) and (33),
respectively. The resulting search directions are used to
update 304 transmit weights w,; to the (j+1)th

configuration transmit weights wy (5.1 according to
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equations (34) and (35). The transmit weights w, (5.1) &r€
sent to update the transmit weighting networks 110, and
the process is repeated. The final adaptive weight vector
w, is achieved when the (j+1)th transmit weight
configuration has converged. Convergence is expected to
occur within several hundred iterations depending on the
dither step size AA and AO.

It is understood that other forms of gradient
searches exist which can be used to update the transmit
weights toward convergence. Another such gradient search
approach, where the step sizes 42 and 40 are computed at
each iteration, is described by D.J. Farina and R.P. Flam,
"A Self-normalizing Gradient Search Adaptive Array
Algorithm", IEEE Transactions on Aerospace and Electronic
Systems, November 1991, Vol. 27, No. 6, pp 901-905.

COMPUTER SIMULATION OF ADAPTIVE NULLING HYPERTHERMIA

Moment-Method Formulation
Referring again to FIG. 8, a method of moments
formulation 258 is used to compute the probe-received

voltages in Equation (2) due to the transmitting
hyperthermia phased-array antenna in an infinite
homogeneous conducting medium. The medium is described by
the three parameters uJ, &, and o, which are discussed
below. The formulation given here is analogous to that
developed under array-receiving conditions for an adaptive
radar. The software used to analyze a hyperthermia array
is based on the‘receive-array analogy but the theory
presented below is given in the context of a transmit
array. o

An antenna analysis code (WIRES) originally developed

by J.H. Richmond is capable of analyzing antenna or radar
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cross section problems. See, J.H. Richmond, "Computer
program for thin-wire structures in a homogeneous
conducting medium", Ohio State University, ElectroScience
Laboratory, Technical Report 2902-12, August 1973; and,
J.H. Richmond, "Radiation and scattering by thin-wire
structures in a homogeneous conducting medium (computer
program description)", IEEE Trans. Antennas Propagation,
Vol. AP-22, no. 2, p.365, March 1974. WIRES was modified
to analyzing the near-field and far-field adaptive nulling
performance of thin-wire phased arrays in free space. A
new version of the thin-wire code that can analyze
adaptive hyperthermia arrays in an infinite homogeneous
conducting medium was written to conduct the adaptive
hyperthermia simulation discussed below. The new version
of the thin-wire code is attached as Appendix A.

WIRES is a moment-method code that uses the electric
field integral equation (EFIE) to enforce the boundary
condition of the tangential electric field being zero at
the surface of the antenna of interest. The moment-method
basis and testing functions used in this code are
piecewise sinusoidal.

Appendix B lists sample input and output files for
the adaptive hyperthermia simulation. The first data file
was used to generate the E-field results for a four
auxiliary probe system, and the second data file was used
to generate the E-field results for a two auxiliary probe
system. The corresponding output files give the values
for the array mutual coupling, guiescent and adaptive
transmit weights, channel correlation matrix, eigenvalues,
and cancellation.

Referring to FIG. 13, there is shown the hyperthermia

phased-array antenna system 200 of FIG. 7, redrawn to
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simplify the following method of moments analysis. The RF
source 208, power divider 209 and weights 210, of FIG. 7,
are modeled as a plurality of RF signal generators 2504
through 250y, feeding its corresponding transmit antenna
element 204, through 204y. Each generator 2504 through
250y has a corresponding amplitude and phase weight
denoted by w; through wy, and a known output impedance Z;.
The jth probe 226 (i.e., the same as the ith probe 226 of
FIG. 7, with different notation) is modeled as a dipole
antenna having an overall length Ly and an open-circuit

voltage vf'c' induced by the RF energy transmitted from

the antenna array 200.

The open-circuit voltage at the jth probe antenna 226
is computed from the array terminal currents and from Z;ﬂ
the open-circuit mutual impedance between the nth array
element and the jth probe antenna. Let vh’;'c' represent
the open-circuit voltage at the jth probe due to the nth
transmit-array element. Here, the jth probe can denote
either the focal point calibration probe (calibration
probe 212 of FIG. 7) or one of the auxiliary probes used
to null a sidelobe. The number of auxiliary probes is
denoted by N,

Referring also to FIG. 14, the jth probe 226 is
modeled as a voltage source 260, having an output voltage
Vf'c' , driving a first impedance 262, representing the
input impedance Zpy of the jth probe, in series with a
second impedance 264, representing the termination
impedance Z, of the jth probe. The jth probe receive
current ijrec flows through these two impedances. The
output voltage of the jth probe erc appears across the

termination impedance Z,.
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Referring again to FIG. 13, next, let Z denote the
open-circuit mutual impedance matrix (with dimensions N X
N for the N-element array). The open-circuit mutual
impedance between array elements 204, and 204, is denoted
Zm n- Lt is assumed that multiple interaction between the
hyvperthermia array and the auxiliary probe can be
neglected. Thus, the hyperthermia array terminal current
vector i can be computed in terms of the transmit weights

w as

ifzez, v (36)

Next, let an be the open-circuit mutual impedance between
the jth probe and the nth array element. The induced
open-circuit voltage vh/;fc' at the jth receive probe, due

to the nth array element transmit current i,, can then be

expressed as
ve§ =234, (37)

In matrix form, the induced open-circuit probe-voltage

. o.C. .
matrix Vbrobe 1s

V;ég' =zprobe,a.rrqyi ( 38 )

or
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Vgr.gl;e=zpzcbe,urq;{Z+ZLr_'-lw (39)

where ZbrdXLarnu,is a rectangular matrix of oxrder N,,, X N
for the open-circuit mutual impedance between the probe
array and the hyperthermia array. Note that the jth row
of the matrix Zyrobe, array is written as '(sz, sz, o o o,
Zy ), where j=1,2, « ¢ +, Ng,,. The receive voltage matrix
is then computed by the receiving circuit equivalence
theorem for an antenna. The receive-antenna eguivalent
circuit is depicted in FIG. 14, where it is readily

determined that

zZ
ec __,0.C. r
p::obe'vprobe"_""zi + Zz (40)

where Z. is the input impedance of the probe. It should
in
be noted that the vV pe° matrix is a column vector of

length N, and vf?c is the jth element of the matrix.

The probe-receive current matrix is given by

rec _.o0.c. 1
probe” Vprobe 7 -
Zin+Zr

(41)

The jth element of the column vector iprogjc is denoted
ijrecl j:l,2/ e o o, N

ux - Finally, the power received by

the jth probe is
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p-;eC:%Re(VJ{GC_i.J!:GC') (42)

where Re means real part. Substituting Equations (40) and

(41) into Eguation (42) yields

rec_ 11 o.c.lz Re(Zr)

—_— (43)
IZin+Zz|2

The total interference power received by the auxiliary

probe array is given by

Jlu.X
prec._.z p;'ec (44)
Jj=1

The incident electric field E is related to the
open-circuit voltage v°-¢ by the effective height h of the

probe antenna as

yo-C-=hE (45)

If the length Lp of the probe antenna 226 is approximately
10 0.1A or less, the current distribution is triangular and
the effective height is h=0.5L,. Thus, for a short-dipole

probe the open-circuit voltage can be expressed as
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Vo.c.=£2_PE (46)

It then follows from Equation (46) that the E field for a

short-dipole probe at position (x,y,z) is given by

E(x,y, z) =225 Xy, 2) (47)

Lp

Finally, the gquiescent and adapted E-field radiation
patterns are computed using the quiescent and adapted
weight vectors wg and wy, respectively, in Egquations (39)
and (47). The moment-method expansion and testing
functions are assumed to be sinusoidal. The open-circuit
mutual impedances in Equation (39) between thin-wire
dipoles in a homogeneous conducting medium are computed
based on subroutines from the moment-method computer code
developed by J.H. Richmond. 1In evaluating Zi for the jth
auxiliary probe, double precision computations are used.

As mentioned previously, the array is calibrated
(phased focused) initially using a short dipole at the
focal point. To accomplish this numerically, having
computed Vg,oneC . the transmit array weight vector w will
have its phase commands set equal to the conjugate of the
corresponding phases in vg,ne. - Transmit antenna
radiation patterns are obtained by scanning (moving) a
dipole probe with half-length 1 in the near-field and
computing the receive probe-voltage response. ‘

The received voltage matrix for the jth probe

(denoted erc) is computed at K frequencies across the



WO 95/14505
PCT/US94/13564

—46-

nulling bandwidth. Thus, vfec(fi),vfec(fz),- e o, v (£g)
are needed. For the purposes of this computer simulation,
the impedance matrix is computed at K frequencies and is
inverted K times. The probe channel correlation matrix
elements are computed by evaluating Equation (2)
numerically, using Simpson’s rule numerical integration.
For multiple auxiliary probes, the channel correlation
matrix is evaluated using Equation (4). Adaptive array
radiation patterhs are computed by superimposing the
quiescent radiation pattern with the weighted sum of
auxiliary-channel-received voltages.

Wave Propagation in Cconducting Media

To gain insight into the effect of a lossy medium,
e.g.. the target body, on the propagation of an
electromagnetic wave, it is useful to review certain
fundamental equations which govern the field
characteristics. In a conducting medium, Maxwell’s curl

equations in time-harmonic form are

V x H =J+jweE (48)

and

V x E =-jopH (49)

where E and H are the electric and magnetic fields,
respectively, J is the conduction current density, w=2nI
is the radian fregquency, ¢& is the permittivity of the
medium, and p is the permeability of the medium. The

permittivity is expressed as &€= € &, where ¢, is the
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dielectric constant (relative permittivity) and &£, is the
permittivity of free space. Similarly, M= H M., where n,
is the relative permeability and p, is the permeability of
free space. For a medium with electrical conductivity o, J

and E are related as

J=0E (50)

Substituting Equation (50) into Equation (48) yields

V x H=(0+jwe)E (51)

From Equations (48) and (49), the wvector wave equation in

terms of E is derived as

VRE-y2E=0 (52)
It is readily shown that
y=t/TOp (0+J0E) =xjw/RE 1—j7§é (53)

The quantity o/we is referred to as the loss tangent. It

is common to express the complex propagation constant as
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y=a+37p (54)
where o is the attenuation constant and p is the phase
constant. The constants o and B are found by setting
Equation (53) egual to Equation (54) and then squaring
both sides, equating the real and imaginary parts, and

solving the pair of simultaneous equations, with the

result
1/2
o= QY/BE 1+(—9—)2-1} (55)
ﬁ we
and
1/2
ﬁ=‘°ﬁ'€}|1+<i>z+1 (56)
JZ We J
The wavelength A in the lossy dielectric is then computed
from
27
A== (57)
p

The intrinsic wave impedance 7 is given by

_Jop l
o+Jjwe {‘*‘"" (58)
-J—
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The instantaneous power density of the
electromagnetic field is given by Poynting’s vector,
denoted P,

p=%z x H* (59)

which has units of (W/m?) . The time-average power flow

5 density is egual to the real part of the complex
Poynting’s vector. The time-average power dissipation per
unit volume Py (W/m?) is derived from Maxwell’s

equations, with the result

pd=%z - J’=%OIE|2 (60)

The specific absorption rate (SAR) is the power dissipated
10 or absorbed per unit mass (W/kg) of the medium (tissue),
or

SAR=£‘-’=——|E|2 (61)
P

where p is the density of the medium in kg/m’.
It is convenient to have a simple equation for
computing the pfopagation loss between any two points in
15 the near field of an isolated transmitting antenna. Thus,
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mutual coupling effects are ignored for the time being.
Consider a time-harmonic source radiating a spherical wave
into an infinite homogeneous conducting medium. For an
isotropic radiator, and suppressing the eJ9t time
dependence, the electric field as a function of range r

can be expressed as

E(r) =52 (62)
r

where E, is a constant.
For a source at the origin, the amplitude of the

electric field at range rj is given by

-ar
e 1

(63)

|E(Z,) |=E,
1

and at range r, by

-ar,

|E(z,) |=EOEE—- (64)

The total propagation loss between ranges I, and r, is

found by taking the ratio of Equations (64) and (63), or

lE(IZ) l=_l_-}_e-a(rz-:._) (65)
[E(r)) | 1,
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The field attenuation A, in dB from range r; to range I

due to the lossy dielectric is simply

A =2010g,, (™)) (66)

Similarly, the 1/r attenuation loss A, in dB is

r
Az=2°l°91f;i (67)

Thermal Modeling of an Inhomogeneous Target

5 A thermal analysis computer program called the
transient thermal analyzer (TTA), developed by Arthur D.
Little, Inc., has been used to accomplish the thermal
modeling of homogeneous muscle tissue surrounded by a
constant-temperature water bolus.

10 The TTA program uses the finite-difference technique
to solve a set of nonlinear energy balance egquations.
Consider a system of interconnected nodes that model an
inhomogeneous volume for which the‘temperature T; of the
ith node is to be determined. The heat-balance eguation,

15 which is solved by TTA, is expressed as

N drT.
}: Q; 5-P; (¢t +Mi—;—tl=o (68)

1=l
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where Q; ; is the net outward heat flow from node i in the
direction of node j, P;(t) is the power into node i at
time t, and M; is the thermal mass (mass times specific
heat) of node 1i.

FIG. 15 shows an electric circuit analog 400 which is
used to model the two-dimensional thermal characteristics
of the material volume 402 which simulates the target body
as a plurality of uniformly distributed nodes 406 spaced
Al apart. With reference to the ith node 406;, but
applying generally to the other nodes, power P; in watts
is delivered 404; to the ith node. Capacitor 408;, having
thermal capacitance denoted C; (with units Joules/°C), is
used to model the thermal capacitance at the ith node.
Resistor 410,54, having heat resistance denoted R; ;5 (with
units °C/W), is used to model the heat resistance between
ith node 406; and the jth node 406;.

With a spacing of 41 between nodes (assuming cubic

cells), the values of R; 5, C; and P; are computed as

__ 1
Res %Al (69)

where k; 5 is the thermal conductivity (with units W/m°C)

petween nodes i and Jj;
C}=PiC}i(Al)3 (70)

where Cp; is the specific heat at the ith node and p; is

the density (kg/m’) at the ith node; and
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P,=(SAR) ;p; (A1)? (71)

where (SAR); is the SAR for the ith node, which is given
by

0

2

(SAR) i<

1

where o; is the electrical conductivity of the ith node
and [E;| is the magnitude of the electric field delivered
bv the hyperthermia array to the ith node. It should be
noted that in substituting Equation (72) into Equation
(71), the density p; cancels. Thus, an equivalent
approach to computing the power delivered to the ith node
is written in terms of the time-average power dissipated

per unit volume of the ith node (denoted Pg;) as
Pi=Pcm-(Al)3 (73)

FIG. 16 is a block diagram showing how TTA is used in
the hyperthermia simulation described herein. First, the
method of moments 500, controlled by the SMI nulling
algorithm 502, is used to compute the electric field
radiation pattern throughout a homogeneous region,
simulating muscle tissue, inside an annular phased array
501. These E-field simulations assume that the signal

received by a short-dipole probe within the region is due
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to a transmitting phased array embedded in an infinite
homogeneous lossy dielectric (muscle tissue).

The resulting E-Field power distribution is then read
504 into the TTA program 506, which computes the
temperature distribution inside an elliptical
muscle-tissue target surrounded with a
constant-temperature water bolus 507. Because the RF
wavelengths in the target and water bolus are similar, the
E-field simulations are believed to give a reasonable
approximation to the field distribution inside the
elliptical target. The computed temperature distribution
is output 508 from the TTA for further analysis or
display.

The E-field calculation in the assumed infinite
homogeneous medium introduces additional field attenuation
not present in a clinical hyperthermia system with an
annular array transmitting through a water bolus into a
patient. As mentioned earlier, the water bolus has very
little RF propagation loss. In addition, the transmit
array weights are normalized according to Equation (6).
Thus, no attempt is made to compute the absolute E-field
strength in volts/meter in the elliptical target.

Instead, the peak power in the elliptical target is
adjusted (by a scale factor) to produce & desired maximum
focal-region temperature (Tpayx) after t minutes. It should
be noted that an approximate absolute scale factor could
be computed by making an initial computer simulation with
an infinite homogeneous water bolus and then matching the
target boundary field to the infinite homogeneous muscle
tissue simulation.

The computer simulation model is related, in part, to

the hyperthermia annular phased-array antenna system shown
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in FIG. 1. The simulated array is assumed to have a 60-cm
array diameter with eight uniformly spaced dipole elements
which operate over the frequency band 60-120 MHz. The
eight elements of the array are assumed to be fully
adaptive, whereby seven independent nulls can be formed
while simultaneously focusing on a tumor.

It is further assumed for the purpose of this
simulation that the adaptive radiation pattern null-width
characteristics in a homogeneous target are similar to the
characteristics observed in an inhomogeneous target. The
null-width characteristics are directly related to the RF
wavelength, and, only a 5 percent change in wavelength
occurs between the assumed muscle tissue and water bolus.
Wwith this assumption, the transmit array may be simulated
as embedded in homogeneous tissue, which allows direct use
of the thin-wire moment-method formulation discussed
above.

After computing the two-dimensional E-field
distribution in the homogeneous medium, we then consider
only an elliptical portion of the homogeneous region and
use the ellipse as the homogeneous target. In the thermal
analysis, the elliptical target is surrounded with a ’
constant 10°C water bolus. The E-field amplitude is
scaled to produce a 46°C peak temperature, at time t=20
minutes, at the center of the elliptical phantom. The
initial temperature of the phantom is assumed to be 25°C
(room temperature).

All computer simulations assume a 120 MHz operating
frequency with initially four auxiliary nulling probes,
i.e., Noy=4- The parameters used‘in the electrical and
thermal analyses are summarized in Table 1. These ,
parameters are for a frequency of 100 MHz, but is assumed
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that similar values of the parameters will exist at 120
MHz . It should be noted that although the relative
dielectric constants of phantom muscle tissue and
distilled water are very similar, the electrical
conductivities are vastly different. The relevant thermal
characteristics---density, specific heat, and thermal

conductivity---are very similar for phantom muscle tissue

and distilled water.

SIMULATION RESULTS

Flectric Field for Arrav in Homogeneous Tissue

substituting the values £=120 MHz, 0=0.5 S/m, and
£,=73.5 into Equation (53) vields y, = 10.0 + j723.8 for
the muscle tissue. With f, = 23.8 radians/m, the

wavelength in the phantom muscle tissue is 4,=26.5 cm.

The attenuation constant for the muscle tissue is o,=10.0
radians/m. Similarly, for distilled water y,= 0.0021 +
j22.5, so the wavelength is 4,=27.9 cm. The attenuation
constant for the distilled water medium is «,=0.0021
radians/m. The propagation loss in the phantom muscle
tissue is 2Ologjoe'lw0, or -0.87 dB/cm. Similarly, the
propagation loss in the distilled water is found to be
-0.0002 dB/cm. Thus, the total loss due to propagation
through 15 cm of distilled water is 0.003 dB. For 15 cm
of muscle tissue the corresponding loss is 13.1 dB. The
wave impedance in the muscle tissue is computed from
Equation (58) as n, = 33.9 + 514.2 Q, and similarly in the
distilled water 7, = 42.1 + 50.004 Q.

FIG. 17 shows the geometry used in the simulations,
which parallels the array shown in FIG. 3. A
60-cm-diameter ring phased array applicator 102 of eight

perfectly conducting center-fed dipoles, 104, through
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1044, uniformly surrounds a fictitious elliptical target
zone 106 with major axis 30 cm and minor axis 20 cm. The
length of each dipole array element 104, at 120 MHz in the
infinite homogeneous muscle tissue is 4/2, or 13.25 cm.
The array focus 107 is assumed at the origin (x=0, y=0,
z=0) and four auxiliary short-dipole probes, 112, through
112,, with length 1.27 cm (0.054) are positioned at
(x,y,z) coordinates at (15 cm, O, 0), (-15 em, 0, 0), (O,
0, 10 cm), and (0, 0, -10 cm), respectively, i.e., the
auxiliary E-field probes are located every 90° in azimuth
on the perimeter of the target. In rectangular
coordinates, each dipole is oriented along the ¥ direction
and the feed terminals of each dipole are located at y=0.

The moment-method computer simulations were run on a
Sun 3/260 workstation. The total CPU time for a complete
moment-method run is 19.2 minutes. This CPU time includes
computing the quiescent and adaptive radiation patterns on
a 41 by 41 grid of points. The CPU time without radiation
pattern calculations is 33 seconds.

FIG. 18 shows the two-dimensional radiation pattern
in the plane y=0, before nulling, at 120 MHz with uﬁiform
amplitude and phase illumination. The calculated data are
collected on a 41 by 41 grid of points over a square
region, with side length 76.2 cm, centered at the focus
107. The spacing between data points is 1.905 c¢m, or
0.0724, and the contour levels are displayed in 10-dB
steps. The E-field data are computed for the case of a
1.27-cm short-dipole observation probe. The positions of
the eight dipole radiators 104; through 1045 are clearly
evident by the -20 dB contours surrounding each element.
The radiation pattern is symmetric because of the symmetry

of the array and the assumed homogeneous medium.
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FIG. 19 shows finer contour levels (1-dB steps) for
the quiescent radiation pattern of FIG. 18. Here, it is
evident that the focused main beam of the ring array is
increasing in amplitude as the observation point moves
closer to the focus. Away from the main beam region, the
pattern amplitude is seen to increase as the observation
position moves toward the array perimeter.

FIG. 20 shows the quiescent radiation pattern of FIG.
18 cut at z=0. The large amplitude that occurs at +30 cm,
i.e., at the position of the phased array applicator 102,
is due to the E-field probe’s close proximity to the
transmitting elements 104; and 104g. The large
attenuation that occurs from the array diameter to the
focus is due to the 1/r attenuation loss and the loss in
the uniform homogeneous muscle tissue. FIG. 21 shows the
radiation pattern of FIG. 18 cut at x=0. Here, the
pattern is identical to the pattern of FIG. 20 due to the
symmetry of the array. In both FIGS. 20 and 21 the
boundary of the fictitious elliptical target zone 106 1is
indicated. The target zone of FIG. 20 is larger than that
of FIG. 21 since the major axis of elliptical target 106
lies along the x-axis, and the minor axis of target 106
lies along the z-axis.

The increasing radiation pattern amplitude near the
left and right sides of the elliptical target of FIG. 20
is shown to produce hot spots in the thermal distribution.
Because the top (anterior) and bottom (posterior) of the
elliptical target of FIG. 21 are not as strongly
illuminated as to the left and right sides of the .
elliptical target of FIG. 20, no quiescent hot spots occur

at the top or bottom.
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Further, FIG. 20 shows that the ring-array half-power
beamwidth in the target region is approximately 13 cm, or
approximately one-half the wavelength (26.5 cm) in the
phantom muscle tissue. The adaptive nulling fesolution or
closest allowed spacing between a strong adaptive null and
the main beam has been shown to be equal to the half-power
beamwidth of the antenna. Thus, the closest allowed null
position is 13 cm from the focus. Since the target width
is 30 cm across the major axis, two nulls can be formed at
(x=#15 cm, z=0) at the left and right side of the target
without disturbing the focus. However, if two strong
nulls are formed at the posterior and anterior (x=0, z=210
cm) of the target the focus will be compromised. In
practice, the water bolus surrounding the target would
restrict the placement of short-dipole probes 112, to the
surface of the target. Thus, only weak nulls can be
formed at (x=0, z=%10 cm) so that the focus will not be
affected by the adaptive nulling process. That is, the
effect of the two minor axis nulls is to keep the z=#10 cm
E-field from increasing beyond the guiescent values.

Next, adaptive radiation patterns are computed with
four auxiliary dipole probes 112; through 112, positioned
as shown in FIG. 17. The value of the receiving gain for
auxiliary dipole probes 112; and 112, is adjusted to
produce a SNR > 35 dB. This amount of SNR results in
greater than 35 dB of nulling in the direction of
auxiliary dipole probes 112; and 112,. In contrast, the
gain values for auxiliary dipole probes 112, and 112, are
turned down to produce about a 3 dB SNR. Thus, only about
3 @B of nulling will occur at probe positions 1123 and
112, as the adaptive algorithm reduces the interference to

the noise level of the receiver. The reason for choosing
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these null strengths will become apparent with the data
that follow.

FIG. 22 shows the two-dimensional radiation pattern
after nulling with four auxiliary probes 112; through
112,. Two strong adaptive nulls at x=%#15 cm occur as
expected, and weak nulling occurs at z=£10 cm, also as
expected.

The two strong nulls in the z=0 cut are quantified in
FIG. 23, where greater than 35 dB of interference nulling
or pattern reduction occurs at x=+15 cm. The peak level
at the focus 107 is adjusted to 0 dB for both the
quiescent and adaptive patterns. Two weak adaptive nulls
are seen in the x=0 radiation pattern cut shown in FIG.
24. The weak nulls in effect in the adaptive patterns
reduce variation from the quiescent radiation pattern.

FIG. 25(a) shows the two-dimensional radiation
pattern before and after nulling taken longitudinally
along a line parallel to the y-axis and passing through
probe 112, as shown in FIG. 25(b), i.e., x=15 cm, 2=0.
This radiation pattern clearly shows that a strong
adaptive null also extends in the y direction from the E-
field probe being nulled.

FIG. 26(a) shows the two-dimensional radiation
pattern before and after nulling taken along the y-axis
and passing through the focus 107 as shown in FIG. 26(b),
i.e., x=0, z=0. This radiation pattern clearly shows that
the E-field at the focus remains virtually the same in the
v direction before and after adaptive nulling at the E-
field probes 112, through 112,.

FIG. 27(a) shows the transmit array amplitude weights
before (solid line) and after (broken line) nulling, and

FIG. 27(b) shows the transmit array phase weights before



10

15

20

25

30

WO 95/14505

PCT/US94/13564

-61-

(solid line) and after (broken line) nulling. As shown,
the adaptive transmit weights exhibit a 5-dB dynamic range
in FIG. 27(a).

FIG. 28 shows the channel correlation matrix
eigenvalues before (solid line) and after (broken line)
nulling. There are two large eigenvalues, A; and i,, and
two weak (non-zero) eigenvalues, A3 and A4, shown in FIG.
28. These eigenvalues are directly associated with the
two high-SNR auxiliary probes 112, and 112,, and the two
weak-SNR auxiliary probes 1125 and 1124, respectively.
Note that the 0-dB level in FIG. 28 is equal to the
receiver noise level. The probe-array output power before
and after adaptive nulling is 31.4 dB and 0.9 dg,
respectively, as calculated from equation (10). This
difference in power before and after nulling indicates
that the adaptive cancellation is -30.5 dB.

Temperature Distribution in Elliptical Phantom

To simulate the temperature distribution in the
target body resulting from the calculated E-fields, the
transient thermal analysis (TTA) software is used to
compute the temperature distribution in an elliptical
phantom surrounded with a constant-temperature water
bolus. The 41 X 41 two-dimensional E-field radiation
pattern data of FIGS. 18 through 24 are used as the power
source for the thermal node network. Two node spacings
are considered. First, the node spacing 4x = 4z = 41 =
1.905 cm (coarse grid) is used to obtain thermal data.
Then, the node spacing is decreased by a factor of two to
Al = 0.9525 cm (fine grid) to check convergence. The
coarser spacing is shown to be adequate.

The scale factors used to convert the normalized

E-field distributions to a power level that induces a 46°C



WO 95/14505 PCT/US94/13564

(%]

10

15

20

25

30

-62-

peak temperature at £=20 minutes are 94.1 @B and 96.0 dB
for the quiescent and adaptive patterns, respectively.
These scale factors are determined empirically. From
Equations (68) through (73) and the parameter values given
in Table 1, all resistors R; 5 in the phantom muscle tissue
had a value of 96.5°C/W and all resistors R; j in the water
bolus had a value of 87.2°C/W. The value of the
capacitors C; in the phantom muscle tissue is 23.6 J/°C.
Capacitors are not used in the water-bolus region in the
input to the transient thermal analysis software.

Instead, a constant temperature of 10°C is enforced at
each water-bolus node. With a 41 X 41 grid, a total of
3280 resistors and 1681 capacitors are used in the thermal
simulation. The CPU time reguired to compute this
temperature distribution is under four minutes. FIG. 29
shows the two-dimensional temperature distribution
produced at time t=20 minutes in the elliptical phantom
muscle tissue target 106 without adaptive nulling. To
generate FIG. 29, the power source used in the transient
thermal analysis is the quiescent radiation pattern given
in FIG. 18. The initial temperature (at time t=0) is
250C. Notice the occurrence of two hot spots 122 and 124
on the left and right sides of the elliptical phantom,
respectively. The peak temperature at focus 107 is 46°C,
which is achieved by scaling the normalized quiescent
E-field as described earlier. The two hot spots 122 and
124 are quantified in the z=(0 temperature pattern cut
shown in FIG. 30, and have a peak temperature at each hot
spot of approximately 41°C. The temperature profile for
x=0 in FIG. 31 shows no hot spots. As any undesired hot

spot is a potential source for compromising the therapy
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session, adaptive nulling is used to reduce the sidelobes
corresponding to the hot spots.

FIG. 32 shows the simulated two-dimensional thermal
distribution at time t=20 minutes, with adaptive nulling
at four auxiliary probes 112; through 112, in effect. The
focal-spot diameter at focus 107 with adaptive nulling is
equivalent to the focal-spot diameter before adaptive
nulling, shown in FIG. 29. Hot spots on the left and
right sides of the target 106 are eliminated. FIG. 33
shows a comparison of the temperature distribution before
(solid line) and after (broken line) nulling along the .
major axis (z=0) of the target ellipse 106. Similarly,
FIG. 34 shows the temperature distribution before (solid
line) and after (broken line) nulling along the minor axis
(x=0) of the target ellipse 106.

The convergence of the previous thermal simulations
was verified by increasing the density of E-field
observation probe positions by a factor of two, with a new
spacing between points of 0.9525 cm, still with a 41 X 41
grid. The ring array operates as before at 120 MHz, and
there are four auxiliary probes 112; through 112, laid out
as shown in FIG. 17. As the auxiliary positions are the
same, the adaptive weights and channel correlation matrix
eigenvalues in FIGS. 27 and 28, respectively, remain the
same. From the parameter values in Table 1, all resistors
Rj 5 in the finer-grid muscle-tissue phantom had a value of
193.0°C/W and all resistors R; ; in the water bolus had a
value of 174.4°C/W. The value of the capacitors C; in the
phantom muscle-tissue is 2.95 J/°C. Again, a constant
temperature of 10°C is enforced at each water-bolus node.
The E-field scaling factors to raise the focal-point

temperature to 46°C before and after nulling are 76.5 dB
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and 78.4 dB, respectively. The finer-grid two-dimensional
thermal distributions before and after nulling are shown
in FIGS. 35 and 34, respectively. Although the
temperature contours are smoother, the general agreement
between these patterns and the coarser-grid patterns in
FIGS. 29 and 32 are evident. Similarly, one-dimensional
thermal pattern cuts with the finer grid are shown in
FIGS. 37 (x axis) and 38 (z axis), and good agreement with
the coarse-grid patterns of FIGS. 33 and 35, respectively,
is observed. In particular, the finer detail in FIG. 37
shows that the hot spots 122 and 124 are at approximately
42°C compared to 41°C observed for the coarse grid of FIG.
33. Thus, convergence of the coarse-grid thermal patterns
is demonstrated. .

Elliptical Arrayv
An elliptical phased-array hyperthermia applicator,

having a 70 cm major axis and a 60 cm minor axis, was also
analyzed by computer simulation. The computer simulation
parameters were the same as those applied to the analysis
of the annular array. Generally, the computer simulations
show that reduced hot spot temperatures are observed along
the major axis of the elliptical phantom, without adaptive
nulling, while small increases in hot spot temperatures
occur along the minor axis. Certain tumor geometries may
be heated more efficiently with an elliptical array than
with an annular array.

EXPERIMENTAL, RESULTS

Experimental data have been gathered from a
commercial annular phased-array hyperthermia system

modified to perform a gradient search algorithm to produce

an adaptive null (or focus) at one or more auxiliary E-

field probe positions. The results confirm that a strong
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null can be formed at the surface of the target body
without significantly affecting the power delivered at the
focus of the hyperthermia system.

FIG. 39 shows a cross-sectional view of the
experimental system 700, which is a modified BSD-2000
SIGMA-60 annular phased-array hyperthermia applicator,
available from BSD Medical Corporation, Salt Lake City,
Utah. The annular array antenna 702 of the system is 59
cm in diameter and includes eight uniformly spaced dipole
antennas 704; through 704g, excited with a four channel
transmitter at 100 MHz. Each of the four transmit channel
signals are distributed by separate coaxial cables from
the hyperthermia controller (not shown) to a two-way power
divider having two outputs. The two outputs of each two-
way power divider drive a pair of dipole antenna elements
through a pair of coaxial cables.

A cylindrical phantom target body 706 is supported by
a patient sling 705 which centrallyv locates the phantom
within the annular array so that the longitudinal axes of
the phantom and the annular array correspond to each
other. Phantom target 706 is a 28 cm diameter X 40 cm
long polymer bottle filled with saline solution (0.9%
NaCl), which simulates a human subject. A deionized
water-filled bladder 705 provides a water bolus between
the annular array and the target phantom.

Single Adaptive Null

Three E-field probes are used to monitor the

amplitude of the E-field at various sites in and around
the phantom for this experiment. The first E-field probe
215 (BSD Medical Corp. Model EP-500) is located inside the
phantom at the center, or focus, 707 of the array which

simulates the tumor site. This probe monitors the
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amplitude of the E-field at the tumor site as the null is
formed at the null site. The second E-field probe 720
(BSD Medical Corp. Model EP-100) is taped onto the outside
surface of the phantom at the desired null location which
simulates an E-field probe taped to a patient’s skin. The
probe is used to monitor the amplitude of the E-field at
the null site as the null is formed by the gradient search
algorithm. The third E-field probe 721 (BSD Medical Corp.
Model EP-400) is taped onto the outside surface of the
phantom diametrically opposite the location of the null
site probe 720. This probe is used to monitor the
amplitude of the E-field away from the null and focus
sites and provides an E-field amplitude reference for the
experiment.

The transmit array amplitude and phase control
software and the electric field probe monitoring software
supplied with the BSD-2000 system were modified to
incorporate a gradient search feedback routine for
adaptive nulling and adaptive focusing. Pascal source
code listings and sample output of the adaptive nulling
and focusing gradient search feedback routines are
attached hereto as Appendices C and D, respectively.

Fig. 40 graphically illustrates the results of this
experiment, showing the measured E-field probe amplitude,
in dB, versus the gradient search iteration number. The
dB values are obtained by computing 10log;,(probe output
signal) and normalizing the resulting values to 0 dB at
iteration 0. It is evident from this graph that the
gradient search formed a strong E-field amplitude null at
the null sité, on the order of -15 to -20 dB with respect
to the reference site, in less than 50 iterations. (The

apparent rise in the E-field amplitude at the null site
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between iterations 45 and 50 is most likely due to noise
associated with the convergence calculations).
Furthermore, the measured E-field amplitude at the tumor
site was reduced by no more than -5 dB with respect to the
initial reference level. Fig. 41 shows a graphic
illustration of the power, in dB, calculated at the null
site versus gradient search iteration. It is evident from
this graph that the gradient search causes the null site
power to monotonically decrease with each iteration,
achieving an approximately 12 dB reduction in power within
50 iterations.

It should be noted that for at least the first 30
iterations of the gradient search, there is good agreement
between the computer simulations, presented above, and
these experimental measurements. After approximately 30
iterations, however, the results of the computer
simulations differ from the experimental measurements.

One reason for this difference is that the computer
simulations herein described do not attempt to accurately
model all the characteristics of the BSD-2000 system used
for the experiments. For example, the simulations do not
account for phase shifter non-linearities, A/D convertor
errors, or D/A convertor errors associated with the system
which will affect the experimental measurements,
especially at the relatively low signal levels present
after 30 iterations. Thus, it is not expected that the
computer simulations and the experimental results will
necessarily behave the same where the signals or

computations are most affected by measurement system

noise.
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Single Adaptive Null- Beef Phantom

Referring to Fig. 42, in another experiment, a single
adaptive null was produced in a beef phantom 706' used in
place of the saline phantom 706 of Fig. 39 to better
simulate human tissue. Beef phantom 706’ was a 24 lbs.
hind leg cut having a front face width of 38 cm, a front
face height of 23 cm and a thickness of 15 cm. The E-
field probe positions used with the beef phantom are
analogous to the E-field probe positions used with the
saline phantom. That is, the first E-field probe 715’
(BSD Medical Corp. Model EP-500) is located inside the
beef phantom at the center, or focus, 707’ of the array
which simulates the tumor site. This probe monitors the
amplitude of the E-field at the tumor site as the null is
formed at the null site. The second E-field probe 720’
(BSD Medical Corp. Model EP-100) is taped onto the outside
surface of the beef phantom at the desired null location
which simulates an E-field probe taped to a patient’s
skin. This probe is used to monitor the amplitude of the
E-field at the null site as the null is formed by the
gradient search algorithm. The third E-field probe 721
(BSD Medical Corp. Model EP-400) is taped onto the outside
surface of the beef phantom diametrically opposite the
location of the null site probe 720‘. This probe is used
to monitor the amplitude of the E-field away from the null
and focus sites and provides an E-field amplitude
reference for the experiment.

Fig. 43 graphically illustrates the results of the
beef phantom experiment, showing the measured E-field
probe amplitude, in dB, versus the gradient search
iteration number. Again, the dB values are obtained by

computing l10log;,(probe output signal) and normalizing the
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resulting values to 0 dB at iteration 0. It is evident
from this graph that the gradient search formed a strong
E-field amplitude null at the null site 720’, on the order
of -18 to -20 dB with respect to the reference site, in
less than 50 iterations. Furthermore, the E-field
amplitude at the tumor site was reduced by no more than -2
dB with respect to the initial reference level. It should
be noted that these results are very similar to the
results obtained with the saline phantom (Fig. 40).

Fig. 44 shows a comparison between the temperature
rise at the beef phantom tumor site 707’ and the null site
720’ during nulling. A thermocouple probe was located at
each of the tumor and null sites, and the RF power was
applied in four intervals of 15 minutes power on and 5
minutes power off for a total experiment time of 80
minutes. The gradient search performed 10 iterations
during the 15 minute power on portion of each interval.
Temperature measurements were taken during the 5 minute
power off portion of each interval, i.e., one measurement
for each 10 iterations. The experimental data shows that
the tumor site was initially at about 26°C and the null
site was initially at about 27°C before applying RF power.
After 40 minutes (30 minutes power on and 10 minutes power
off) the temperature of the tumor site has risen 4°C to
about 30°C, while the null site has risen only 1°C to
about 28°C. After 80 minutes (60 minutes power on and 20
minutes power off) the temperature of the tumor site has
risen 8°C to about 34°C, while the temperature of the null
site has risen cnly 3°C to about 30°C. Thus, an
approximaﬁe differential of about 4°C is attained between

the tissue temperature of a deep-seated target and the
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temperature of a single surface null site in a beef

phantom.

Two _Adaptive Nulls
In another experiment, two adaptive nulls on the

surface of the saline-filled cylindrical phantom were
generated and measured. This experiment used the same
configuration as shown in Fig. 39 with the one E-field
probe 715 (BSD Medical Corp. Model EP-500) located inside
the phantom 706 at the center, or focus, 707 of the array
simulating the tumor site. Two E-field probes 720 and 721
(BSD Medical Corp. Model EP-100) were located on the
outside surface of the phantom at diametrically opposite
positions representing the two non-invasive null sites.
Probe 715 monitored the E-field amplitude at the tumor
site while probes 720 and 721 monitored the E-field
amplitude at the null sites.

FIG. 45 graphically illustrates the results of this
experiment, showing the measured E-field probe amplitude,
in dB, versus the gradient search iteration number.

Again, the dB values are obtained by computing
10log,,(probe output signal) and normalizing the resulting
values to 0 dB at iteration 0. It is evident from this
graph that the gradient search formed two strong adaptive
E-field amplitude nulls at the null sites, on the order of
-10 to -20 dB with respect to the reference site, in about
50 iterations. In particular, at iteration number 50 the
null strength at probe 720 (probe site 2) 1s approximately
-18.0 4&B and the null strength at probe 721 (probe site 3)
is approximately -11.8 dB. Furthermore, the E-field
amplitude at the tumor site 715 (probe site 1) was held



10

15

20

25

30

WO 95/14505 PCT/US94/13564

-71-

close to a constant value (0 dB) throughout the 50
iterations.

Adaptive Focusing

In another experiment, adaptive phase focusing was
used to maximize the E-field amplitude at a selected
location different from focus 707 of the saline-filled
cylindrical phantom 706 of FIG. 39. 1In this case, the
selected focus site was at E-field probe 720 (BSD Medical
Corp. Model EP-100) located on the outside surface of the
cylindrical phantom.

FIG. 46 graphically illustrates the results of this
experiment, showing the measured E-field probe amplitude,
in dB, versus the gradient search iteration number for 30
iterations. Again, the dB values are obtained by
computing 10log;,(probe output signal) and normalizing the
resulting values to 0 dB at iteration 0. The initial
phase weights applied to the transmit elements of the
array were equal, nominally producing an E-field focused
at the center of the array 707. The gradient search was
used to adjust the phases of the array transmit weights to
maximize the E-field amplitude at probe site 720, i.e.,
refocus the array at probe 720. The transmit weight
amplitudes were held constant over the 30 iterations. As
shown, the gradient search converged in about 10 ’
iterations and the power at probe 720 increased by about
0.9 dB compared to its initial value. This result
demonstrates that adaptive focusing can be used

successfully to optimize the peak power delivered to a

tumor site.

Clinical Application
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A modified BSD-2000 Sigma 60 system can be used as a
clinical adaptive hyperthermia system for implementing the
adaptive nulling and focusing techniques of this
invention. An unmodified BSD-2000 hyperthermia system
uses four transmit channels to energize the eight transmit
elements (in pairs) of the annular array, and eight EP-400
(or EP-100) non-invasive E-field probes to monitor
clinical hyperthermia treatments. The eight E-field
probes can provide feedback signals to the controller
performing the adaptive nulling and/or focusing
algorithms. Theoretically, three independent adaptive
nulls (and/or peaks) can be formed by adaptively adjusting
the phases and gains of the four transmit channels. Any
three of the eight E-field probes can provide the feedback
signals required to produce a null (or peak) at the
corresponding probe.

Various treatment protocols are possible for
selecting desired null sites, depending on the particular
patient and case history. OCne protocol would place the
eight E-field probes around the circumference of the
patient to measure the E-field strength at each probe
before nulling and thereby identify the strongest electric
fields on the surface of the patient indicating
potentially serious hot spots. Adaptive nulling would
then be applied to minimize the electric field at the
three probes having the strongest electric fields before
nulling. Alternatively, if the patient can localize a
painful hot spot during treatment, adaptive nulling would
be applied to minimize the electric field at the E-field
probe closest to the identified hot spot.

The number of adaptive nulls required will vary with

patient and pathology. In some situations it is possible
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that more than three independent adaptive nulls will be
required to achieve a therapeutic thermal distribution in
the patient. In such a case, an extension of the four
transmit channel BSD-2000 system to an eight transmit
channel configuration will allow up to seven independent

adaptive nulls and an adaptive focus to be formed.

MONOPOLE ARRAY EMBODIMENT
FIGS. 47-49 show an embodiment of a non-invasive RF

monopole phased-array hyperthermia system 400 for treating
malignant brain tumors. Hyperthermia system 400 features
a monopole phased-array transmit antenna 402 having a
plurality of monopole transmit antenna elements 404 placed
in proximity to the cranium 406 of a patient to be treated
for a malignant brain tumor 407. Hyperthermia system 400
also features improved focusing characteristics through
using one or more non-invasive electric field probes 412
placed on or near the patient’s cranium, in conjunction
with the near-field adaptive focusing and nulling
apparatus and methods of this invention.

Monopole phased-array 402 is used to therapeutically
heat the brain tumor 407, typically located 1-3 cm below
the skin surface of the cranium 406, by adaptively
focusing the RF electric field energy radiated by the
monopole radiator elements 404 into the tumor 407. 1In
practice, it is dangerous, and often impossible, to

invasively place an E-field probe into the brain tumor

site to facilitate adaptive focusing of the RF energy into
the tumor. "Hot spots" are not typically a problem with
the monopole hyperthermia array described since the side

lobes generated by a phased-array in this near-field

‘geometry are mdch lower than those generated by the
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annular phased-array described above. Thus, the monopole
phased-array receives its major benefit by applying the
adaptive focusing of this invention to more precisely
focus energy into the tumor site. However, the adaptive
nulling of this invention may also be used if "hot spots"
do develop through the use of the monopole array.

The monopole phased array antenna 402 is mounted
inside an water-tight enclosure 430 having a generally
circular top and bottom surface 432 and 434, respectively,
and a cylindrical or conical side surface 436 connecting
the top and bottom surfaces. The enclosure is made from
non-conductive plastic material, such as plexiglas, but
may also be fashioned from any material which acts as an
electrical insulator and will not interfere with the RF
radiation patterns generated by the monopole phased-array
inside the enclosure.

The bottom surface 434 has a central elliptical
aperture 438 which accommodates a portion of the patient’s
cranium 406 to allow tumor 407 to be disposed within the
interior of enclosure 430 adjacent to the monopole phased-
array 402. A flexible silicone rubber membrane 440 covers
the aperture to maintain the water-tight integrity of the
enclosure. The enclosure 430 can be filled with chilled
de-ionized water 442 for cooling the patient’s skin during
hyperthermia treatment. The de-ionized water can be
temperature controlled and circulated through the
enclosure 430 to maximize the cooling effect.

Bottom surface 434 also includes an RF conducting
ground plane 444 mounted co-planar with the bottom surface
and which acts as an RF reflector for monopole antenna
elements 404. This ground plane may be fashioned out of a

metal sheet, metal foil, metal mesh, or any other RF
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conductive material which can be fashioned to cover the
area of bottom surface 434. The ground plane may also be
imbedded into the bottom surface by, for instance,
laminating the ground plane between two layers of
insulating material.

The monopole radiator elements 404 are each mounted
perpendicularly onto bottom surface 434 so that they may
be energized from outside the enclosure, yet remain
insulated from the ground plane 444. In one preferred
embodiment, each monopole radiator element 404 is a 1/4
wavelength long straight wire radiator threadably attached
on one end into a connector mounted onto surface 434 and
insulated from ground plane 444. It is understood that
another form of a monopole antenna element, other than a
straight wire radiator, can also be used. For instance,
helical monopole, conical monopole, and sleeve monopole
antenna elements are also appropriate for use as monopole
array elements of the present invention.

Each monopole element is energized through a coaxial
cable fed through the bottom surface 434 to the connector.
The bottom surface may also be provided with extra
monopole connectors which allow repositioning of the
monopole radiator elements within the enclosure.
Repositioning allows the user to change the geometry of
the monopole phased-array antenna as well as position the
antenna adjacent to the tumor location to maximize the
therapeutiE effect.

An RF reflecting screen 446 (FIGS. 48 and 49) can be
placed behind the monopole antenna elements 404 to direct
more of the radiated RF energy toward the cranium, i.e!,
energy which would otherwise be lost through the side of

the water-tight enclosure. Reflecting screen 446 is
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typically positioned in the water bolus approximately 1/4
wavelength behind the monopole antenna elements and has a
cylindrical reflecting surface extending perpendicularly
from the ground screen to a height of approximately twice
the wavelength of the radiated energy. Alternatively, the
reflecting surface of the screen can be curved toward the
target to further enhance radiation of the target. The
reflecting screen is constructed from high frequency RF
conducting mesh which allows water to freely flow through
it, and is electrically connected to the ground screen
using good high frequency RF construction practices.

Each monopole radiator element 404 is configured as a
1/4 wavelength radiator to resonate at approximately 915
MHz which is effective for heating tumors 1 to 3 cm, or
more, beneath the surface of the patient’s skull. The
monopole phased-array can include a varying number of
radiator elements spatially arranged in a variety of
patterns. The spacing between the monopole antenna
elements is typically between 1/2 to 1 wavelength.
Furthermore, the number and location of the non-invasive
electric field probes 412 can also vary depending on the
hyperthermia focusing patterns desired.

In the adaptive hyperthermia monopole phased-array of
this invention, non-invasive E-field probes are used in
conjunction with the adaptive focusing apparatus and
techniques of this invention to maximize the RF power
delivered to the tumor site inside the cranium. Computer
simulations, presented herein, show that the optimum
focused (e.g., with an invasive E-field probe) phased
array can produce an RF energy pattern with maximum
electric field strength at the tumor site and no undesired

hot spots within the cranial target.
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With the adaptive hyperthermia monopole phased-array
described herein, RF energy peaks are adaptively formed to
maximize the electric field energy delivered to the target
focus. As shown, the focused energy peak achieved by the
adaptive focusing apparatus of this invention is invasive
to the cranial targeﬁ extending into the tumor region.

Referring to FIG. 50, the adaptive-focusing monopole
phased-array hyperthermia system of this invention can be
described in terms corresponding to the generalized
annular phased-array system schematic diagram of FIG. 6.
Specifically, monopole transmit elements 404, of
hyperthermia transmitting antenna array 402 correspond
respectively to the dipole transmit elements 104, of
annular phased array applicator 102 of FIG. 6.
Furthermore, the plurality of E-field auxiliary probes
412, correspond to the E-field probes 112, of FIG. 6. It
is apparent that the monopole phased-array hyperthermia
system herein described does not take advantage of an
electric field probe placed at the tumor 407, analogous to
the receiving probe 115 used with the annular phased array
applicator 102 of FIG. 6, to maximize the focus radiated
energy into the tumor. Use of a probe at the focus would
in most cases require a surgical procedure to invasively
place the probe within the patient’s brain.

The receiver 114, signal processor 116, RF source
108, and weighting functions 110, (FIG. 6) operate with
the monopole array as described above with regard to the
annular array, except that the signal processor 116
performs an adaptive focusing algorithm described below,
which is related to the adaptive nulling algorithm. That
is, signal processor 116 performs either a sample matrix

inversion (SMI) algorithm or a gradient search algorithm
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on the signals output from receiver 114 and updates the
adaptive array weights w, (with gain g and phase ¢) to
rapidly (within seconds) focus energy at the tumor 407.

Referring to FIGS. 51 and 52, there is shown an
analytical model of an embodiment of an eight-element, 915
MHz hyperthermia monopole phased-array 402 of FIG. 47 .
Phased-array 402 has transmit antennas 404, through 4044,
arranged adjacent to an elliptical phantom target 406
representing the cross section of the human cranium at the
tumor level. The focus 407 of the elliptical phantom
models the location, approximately 2.0 cm below the
surface of the cranium, of the brain tumor to receive
hyperthermia treatment, i.e., the focus of RF energy for
the phased array 402. Water bolus 442 1is assumed to
surround the target body 406, and is treated as a
homogeneous medium for analysis purposes.

The monopole radiator elements 404, through 4045 are
arranged as a 120° circular arc array of uniformly spaced
elements having a constant radius of 12.7 cm relative to
the geometric center of the cranium C, i.e., at x = 0.0
cm, z = 0.0 cm. The tumor site, or focus 407 of the RF
energy, is assumed to be at x = 0.0 cm, z = 5.08 cm for
simulation purposes. (In an alternative preferred
embodiment the monopole array elements form a circular arc
having a geometric center at focus 407 (target) rather
than at the center of the cranium C. This has the
advantage that less phase focusing should be required to
maximize the energy delivered to the focus, and thus the
required number of gradient search iterations is reduced.)

Six auxiliary RF E-field prdbes, or sensors, 412,
through 4124 (i.e., receiving antennas) are placed on and

near the perimeter of the elliptical target to model non-
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invasive E-field probes placed on and near the skin cf the
cranial target. Auxiliary probes 412,, 412,, and 4125 are
uniformly spaced in an arc row, between the arc array and
the cranial target, having a constant radius of
approximately 4.0 cm relative to the desired focus 407.
Auxiliary probes 412,, 4125 and 4124 are placed on the
target skin adjacent to focus 407. Specifically, the
first arc row of electric field probes 412; through 412,
may be denoted as probes Ll) M;, and R;, respectively, and
the row of electric field probes 412, through 412; may be
denoted as probes L,, M,, and Ry, respectively. The
electric field probes are arranged so that corresponding
probes on the two rows are located along a radial line
extending from the desired focus at tumor site 407 and are
spaced 1/4 to 1/2 wavelength apart. That is, probe pair
(L;,L,) is located along radial r;, probe pair (M;, M) is
located élong radial ry and, probe pair (R;,R,) is located
along radial rg.

The gains and phases of the monopole elements are
adaptively adjusted as described below to focus the energy
output from the monopole phased-array into the tumor site
407 located several centimeters below the surface of the
cranium. From the phased-array geometry of Fig. 52 it is
observed that an electric field focused at tumor 407 will
be balanced and symmetric with respéct to the line x=0.
Furthermore, the electric field is attenuated in the water
bolus external to the cranium in the direction away from
the transmit array. To achieve a focus interior to the
cranium at the tumor site 407 it is assumed that the
amplitude'difference between the electric field adjacent
to the skin surface of the cranium and the field

approximately one quarter wavelength exterior to the skin
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surface of the cranium must be constrained to a desired
value. This desired value is typically a minimum to avoid
"hot spots" on the skin surface. Similarly the amplitude
of the electric field in the transverse direction should
be balanced to minimize the electric field variation
between the left and right electric field probes with
respect to the middle electric field probes, i.e.,
maintain electric field symmetry with respect to the x-
axis. The electric field differences in the radial

direction may be denoted by

A2 =44 ' (74)
AAy; =2y Ay | ‘ (75)
A2y, ;=|Ap;~Ap] . (76)

where A denotes the amplitude of the electric field
measured by the specified field probe, 8 is a unit vector
in the radial direction which bisects the transmit
monopole array and t is a transverse unit vector as shown
in FIG. 52. The electric field differences in the
transverse direction for the first row may be denoted by

AAuﬂ:IALl_AmI y (77)

and,

AARHJ.=IAR1_AMJI : (78)
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and the electric field differences in the transverse

direction for the second row may be denoted by

A2y=|A,=Ay] ' (79)

and,

Adp=|2r A | ' (80)

A figure of merit F can be defined as

F =“(AAL12+AAM12+AAR12)
"'AALm*AARm"'Asz*AAmz , (81)

where o is a scale factor used to adjust the effect of the
electrical field gradient caused by attenuation in the
radial direction between the phased-array antenna and the
target. The figure of merit F involves seven constraints
which are easily taken into account by the eight transmit
element phased-array described. The gradient search
algorithm described above is used to minimize the figure
of merit F.

FIG. 53 shows a simulated two-dimensional guiescent
radiation pattern in the plane y=0 for the eight element
monopole arc array of FIG. 52 operating at 915 MHz before
adaptive focusing, i.e., with uniform amplitude and phase
illumination. This radiation pattern was calculated using
the moment-method described above, and the calculations
assume an infinite homogeneous conducting medium
simulating phantom brain tissue, i.e., €,=50.0, o=1.3.

The focus of the array is at x=0.0, z=5.0 cm. The
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positions of the eight monopole radiators 404, through
4044 are clearly evident by the -10 dB contours
surrounding each element. The radiation pattern is
symmetric because of the symmetry of the array and the
assumed homogeneous medium.

FIG. 54 shows the quiescent radiation pattern of FIG.
53 cut at z=5.0 cm, which is through the tumor site 407
assumed to be at x=0.0, z=5.0 cm. The focused main beam
is centered at x=0.0 as desired. The half-power beamwidth
is approximately 2.0 cm, which is close to 1/2 wavelength
for the full ring array.

FIG. 55 shows a simulated two-dimensional thermal
pattern expected for the quiescent radiation pattern of
FIG. 53 at time t=20 minutes. This simulation assumes
that the elliptical phantom brain tissue is surrounded by
a 10°C constant temperature water bolus and that the
initial temperature of the brain tissue phantom is 25°C.

FIG. 56 shows a configuration of the monopole phased-
array hyperthermia system of this invention configured to
uniformly heat a large intra-cranial tumor target 407'.

In this case, a set of auxiliary E-field probes 412 are
uniformly spaced along the skin surface of the cranium
between the monopole radiator elements 404 and the tumor
site 407'. Here, seven E-field probes 412, through 4124
are used, denoted P, through P, respectively, but the
quantity of probes required will vary according to the
tumor size and location. The gains and phases of the
monopole elements are adaptively adjusted to uniformly
distribute the electric field energy at the E-field probes
412, through 412,. From the geometry of FIG. 56 it is
observed that‘a uniform electric field at the E-field
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probes will produce a substantially uniform electric field
inside tumor 407‘' to induce uniform heating of the tumor.
To achieve a uniform electric field distribution
across all the E-field probes, and thus uniform heating of
the tumor 407, the amplitude difference between any two
adjacent E-field probes on the skin surface of the cranium
must be minimized. The electric field differences between

adjacent E-field probes may be written as

A2, ,=|Ap; -2 : (82)

AAp,;=|Ap,-Aps| ‘ (83)

A2p;,=|Ap;=Ap] ’ (84)

Adp,s=|Ap,~Aps| ’ (85)

AApse=|Aps=Ag| ‘ (86)
and,

A2 pg,=|A52p] : _ (87)

where A denotes the amplitude of the electric field
measured by the specified field probe. A figure of merit

F may be defined as

F=AA;12+AA12’23+AA12°34+AA§45*AA12:55+AA12=67 . (88)

The figure of merit F involves six constraints on measured
differences and an additional constraint on total power

radiated by the transmit array, all of which are easily
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taken into account by the eight transmit element phased-
array described. The gradient search algorithm described
above is used to minimize the figure of merit F and
thereby achieve a uniform electric field distribution
across the E-field probes.

Tt should be noted that this approach for achieving a
uniform electric field distribution to effect uniform
heating within a large mass is not limited to the monopole
array heating of a brain tumor, and for example can be
similarly implemented with the annular phased-array
hyperthermia applicator of FIG. 1 for uniformly heating a
large mass in other areas of the body.

FIGS. 57 and 58A show an alternative preferred
embodiment of the monobole phased array applicator 400 of
FIG. 48 including the addition of a top ground plane
surface 450 positioned above the monopole antenna elements
404, and extending from the reflecting screen 446 toward
the target body parallel to ground plane surface 442. The
top ground plane surface 450 combines with ground plane
surface 442 to form a parallel plate waveguide region 452
between the monopole antenna elements and the target body
406. The spacing between the parallel plates (i.e.,
between surfaces 442 and 450) can be used to adjust the
radiation pattern in the direction perpendicular to the
parallel plates. The spacing between the parallel plates
is typically between 1/2 and 5 wavelengths. FIGS. 58B and
58C show alternative preferred embodiments of the parallel
plate waveguide of FIG. 58A having non-parallel waveguide
surfaces, and flared waveguide surface forming a horn,
respectively.

FIG 59 shows a preferred embodiment of a stacked

waveguide phased array applicator having multiple stacked
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parallel plates 450, 454, and 456 forminé respective
stacked waveguide regions 452, 458, and 460, each having a
corresponding set of monopole phased array antenna
elements 404,, 404,’, 404,'".

FIG. 60 shows a block diagram of a preferred
embodiment of a 915 MHz transmit and receive (T/R) module
800 for use with the monopole phased array hyperthermia
system 400 (FIG. 47), specifically for use in transmit
amplifier/phase shift network 110 of FIG. 50. Generally,
the T/R module 800, as well as the monopole hyperthermia
system 400, is not restricted to operate at 9135 MHz, and
is adaptable for operation anywhere within the industrial,
scientific, medical (ISM) fregquency band of 902 to 928
MHz .

The transmit function of the T/R module 800 is used
to energize a monopole transmit antenna element 404, (FIG.
50) of the monopole hyperthermia array 402 with a 915 MHz
signal, having controlled phase and gain, for the purposes
of heating the target 407. Each monopole transmit antenna
element 404, of the array 402 is connected to a
corresponding T/R module and therefore the quantity of T/R
modules required depends on the quantity of monopole
antenna elements 404, in the array.

With regard to the generation of the 915 MHz transmit
signal, having controlled phase and gain, a tunable
oscillator 802, tunable from 180 to 206 MHz, is used to
produce a transmit signal having a 193 MHz center
frequency. The 193 MHz transmit signal is input to a
dual-stage voltage-variable attenuator 804 which coveré an
attenuation range of 0 to -40 dB (-60 AB off state)
determined.by a 12 bit analog control voltage. The other
port of mixer 808 is driven with a constant frequency 1108
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MHz phase-controlled signal generated by a phase-
controlled local oscillator 810.

Phase-controlled local oscillator 810 is excited with
a 277 MHz signal generated by a fixed frequency. local
oscillator 812. The output of the 277 MHz local
oscillator 812 is input to a voltage-variable phase
shifter which shifts the phase of the 277 MHz signal from
0 to 90°, determined by a 12 bit analog control voltage.
The phase-shifted 277 MHz signal is input to a X4
frequency multiplier 816 which quadruples the signal to
1108 MHz and extends the phase control range to 0 to 360°.
The output of the frequency multiplier passes through a
1108 MHz bandpass filter 818, having a 50 MHz bandwidth,
to remove undesired harmonics. The 1108 MHz output of the
bandpass filter is then amplified to saturation by an
amplifier 820 to produce a relatively constant input power
to the input port of mixer 808 independent of the

commanded phase shift.

The upconverted, gain and phase-controlled 915 MHz
signal output from mixer 808 passes through a 915 MHz
bandpass filter 822, having a 50 MHz bandwidth, to remove
undesired harmonics generated in mixer 808. The output
signal of bandpass filter 822 passes through another T/R
switch 824 which, when in the transmit position (T),
connects the bandpass filter output signal to drive the
input of a power amplifier 826 having an average CW output
power of up to, or greater than, 100 watts. The output
signal of the power amplifier 826 passes through another
T/R switch 828 which, when in the transmlt position (T),
connects the amplified 915 MHz transmit signal to the
input of another 915 MHz bandpass filter 820, having a 50

MHz bandwidth, which removes unwanted harmonics generated



10

15

20

25

30

WO 95/14505

PCT/US94/13564

-87~-

in the power amplifier. Finally, the 915 MHz transmit
signal output from bandpass filter 830 is connected by a
transmission line 832 to a monopole antenna element 404,
of the monopole hyperthermia array 402.

The receive function of the T/R module 800 can be
used for passive microwave radiometry for non-invasively
sensing the temperature of the target tissue 407 (FIG. 50)
with the monopole antenna elements 404, of array 402. To
operate in a non-invasive microwave radiometry mode, the
transmit power is turned off as desired for a period of
several seconds during which the elements of the monopole
hyperthermia array act as passive receive antennas.

In this case, the three T/R switches 806, 824, and
828 are set to the receive (R) position. The 915 MHz
center-frequency passive signal received by the monopole
antenna element 404, is filtered by bandpass filter 830,
amplified by a low-noise amplifier 834, and again filtered
by bandpass filter 822. The output of bandpass filter 822
is mixed with the 1108 MHz controlled-phase local
oscillator signal by mixer 808, the output of which is
input to a lowpass filter 836. Lowpass filter 836 has a
350 MHz high frequency cutoff which provides a 193 MHz
center frequency receive signal for input to a second
mixer 838. A variable frequency local oscillator, tunable
over a 150-176 MHz range, has an output signal tuned to
163 MHz which is amplified by an amplifier 841 and input
to another port of mixer 838 to mix with the 193 MHz
center frequency receive signal. The output of mixer 838
contains a 30 MHz center frequency receive signal which is
input to a 30 MHz bandpaés filter 842, having a 5 MHz
bandwidth, . to remove unwanted out of band signals. The

filtered 30 MHz center frequency receive signal is then
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passed through a voltage controlled 0 to -40 dB attenuator
844 whose output signal 846 is controlled by a 12 bit
analog voltage level.

The 30 MHz center fregquency receive signal 846 can be
analyzed with a commercial network analyzer, such as a
Hewlett Packard 8510 analyzer, or can be combined with the
output of the other T/R modules (i.e., receive signals
from the other monopole antenna elements) in a commercial
analog power combiner at the 30 MHz frequency.
Alternatively, the 30 MHz receive signal 846 can be mixed
with a 28.5 MHz local oscillator and downconverted to a
baseband offset frequency of 1.5 MHz. The resulting
baseband signal is lowpass filtered with a cutoff
frequency of 2.0 MHz, and sampled with a high speed
digital to analog convertor at 4.5 MHz (i.e., above the
Nyquist sampling limit for the bandlimited signal). The
frequency spectrum of the baseband signal is then computed
using digital signal processing technigues (see, J.R.
Johnson, et al., "An Experimental Adaptive Nulling
Receiver Utilizing the Sample Matrix Inversion Algorithm
with Channel Egqualization", IEEE Transactiohs on Microwave
Theory and Technigques, Vol. MTT-39, No. 5, pP. 798-808,
May 1991). It should further be noted that the T/R module
800 can be used as a receiver 114 (FIG. 50) for the E-
field probes 412 if the low-noise amplifier 834 1is
bypassed.

MONOPOLE ARRAY FOR TREATMENT OF BREAST CARCINOMAS

Figs. 61-63 show an embodiment of a minimally
invasive RF monopole phased array hyperthermia waveguide

applicator 500 for treating malignant breast tumors.
Hyperthermia applicator 500 features a monopole phased
array transmit antenna 402 having a plurality of monopole
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transmit antenna elements 404, mounted through a
conducting ground plane 502. Applicator 500 includes a
second conductive ground plane 504 mounted parallel to
ground plane 502 and above monopole antenna elements 404.
A conducting backscreen 506 is uniformly spaced from
monopole antenna elements 404, and connects ground plane
502 to ground plane 506 to form a waveguide around phased
array antenna 402. Together, ground planes 502, 504, and
conducting backscreen 506 form a semi-cylindrical
waveguide applicator having an aperture 508 through which
RF energy from monopole phased array transmit antenna 402
is directed.

In the embodiment of applicator 500 shown in Figs.
61-63, phased array transmit antenna 402 includes, eight
monopole transmit elements 404; - 4045 spaced 2.54 cm
apart along 120° of a circular arc 514 having a constant
radius R, = 8.66 cm. The monopole array is configured as
a phased array antenna radiating coherently at 913 MHz,
with the length of each monopole element is 1.27 cm (0.34
A). Conducting backscreen 506 traverses a semicircular
arc, spaced from monopole antenna elements 404, having a
constant radius Ry, = 9.32 cm. This geometry results in a
backscreen- to-monopole spacing of 0.66 cm (0.18 ). The
length of each monopole element 404, is 1.27 cm (0.34 A)
and the monopole cylindrical wire diameter is 0.13 cm.
The parallel ground plane spacing between ground plane 502
and ground plane 506 is 2.5 cm. These dimensions result a
waveguide aperture 508 having width w = 18.6 cm and height
h=2.5 cm.

Fig. 64 shows the use of two applicators 500 to
irradiate breast tissue to produce hyperthermia during
treatment. The breast to be treated 520 is compressed
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between two compression plates 522 spaced a distance

s = 4.0 to 5.0 cm apart, which is compatible with typical
mammography systems. An electric field probe 533, which
is the minimally invasive elemént of the applicator, can
be placed in the breast at the target 532 to assist in
focusing the energy from the monopole phased array
transmit antennae 402 into the target (as describe above),
e.g., by adjusting the phases of the monopole transmit
elements 404, to maximize the energy received at the
electric field probe 533. A temperature probe can also be
used in conjunction with (or possibly in place of) the
electric field probe 533 for controlling the temperature
rise in the breast tissue. Additional electric field
probes and/or temperature sensors can be use in and around
the breast to further refine the hyperthermia heating
pattern generated by the applicators.

The monopole transmit elements 404, are impedance
matched to the breast tissue by filling the applicator
waveguide cavity 524 surrounding the monopole transmit
elements 404n of each applicator with low loss (0.3 dB/cm)
distilled water (dielectric constant &, = 80, electrical
conductivity o = 0.19 S/m, and wavelength A =3.7 cm at
915 MHz). The applicator can be made watertight with a
solid dielectric or flexible bolus covering the aperture.
Compression plates 522 are made from materials such as
plexiglass which has a low dielectric constant and low
electrical conductivity which is essentially transparent
to microwave energy.

The 915 MHz minimally invasive monopole phased-array
applicators of this invention can be used for heating
trumors in the female breast in an eguipment configuration

similar to standard mammography systems and apparatus.
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The hyperthermia treatment geometry involves the patient
lying on a table in a prone position with the breast to be
irradiated hanging through an opening in the table. This
geometry is the same used in a typical needle biopsy
procedure on the breast where a compression device is used
in performing x-ray imaging (i.e., mammography).

The compressed breast tissue geometry is desirable
for several major reasons. First, compressing the breast
tissue to the range of about 4.0 to 5.0 cm allows more
effective penetration of electric field energy into the
breast for microwave heating of the tissue. In this case,
the required depth of focusing in the tlssue is only
typically 2.0 to 2.5 cm. Second, the compression helps
standardlze the equipment used in treating patients. That
ls, a single applicator design could treat a wide range of
breast sizes. Third, the compression device is very
similar to that used in digital mammography breast biopsy
equipment, leading to adaptation of the biopsy equipment
for breast hyperthermia using the applicators of this
invention. Thus, imaging technigues used for breast
biopsy could also be used in accurately locating the tumor
regions in the breast for visualization of the placement
in the breast tissue of the electric field probe(s) and/or
temperature sensor(s) of this invention.

Fig. 65 shows a breast phantom 530 used for measuring
radiation patterns generated by two opposed hyperthermia
applicators 500 positioned on opposite sides at the breast
phantom 530 in a mirrored configuration. Breast phantom
530 was constructed as a box made from Lexan material
having wall thicknesses of 0.3 cm, an inside dimension of
30 cm height, 30 cm length, and 4 cm width, which is
equivalent to the expected compression thickness of the
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compressed breast tissue. Breast phantom 530 is filled
with liquid for simulating the dielectric characteristics
of breast tissue at 915 MHz, and is composed of methanol,
water, and salt, and has a relative dielectric constant of
g, = 42 and electrical conductivity of o = 0.7 S/m, which
was confirmed by dielectric probe measurements. At 915
MHz, the wavelength in the phantom tissue is calculated to
be A = 5.0 cm. The complex propagation constant is

y = 20.1 + j126.0 rad/m which gives an attenuation of 1.8
dB/cm. Complex wave impedance for the phantom is
calculated to be n = 56.0 + j8.9 ohms. Transmit elements
404, were coherently excited with 915 MHz RF energy to
focus the energy at a desired focal point 532 located at a
depth of 2 cm centered between‘the applicators 500.

Fig. 66 shows RF energy contours for the breast
phantom of Fig. 65 as determined by an ideal computer
simulation based on ray tracing. This contour shows the
two dimensional electric field pattern established in the
phantom in one dB increments over a 4 cm x 4 cm area,
centered at focus 532 of the phantom. The computer
simulated hyperthermic heating region is approximately 2.0
em x 1.8 cm based on the 50% (-3 dB) specific absorption
rate (SAR) level. This focused electric field pattern
can be moved to a desirable region within the breast by
means of the adaptive focusing techniques discussed above,
or by placement of an invasive electric field probe at the
appropriate focus location.

Fig. 67 shows measured data taken along the Y axis
through the breast phantom of Fig. 65, and its
relationship to simulated data calculated by computer
along the same axis, shown in Fig. 66. In experiments

used to gather these measurements, the monopole feed
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cables were phased adjusted manually, with an invasive
electric field probe placed inside the phantom at focus
532, to help produce a focused electric field at the
desired position. The measured electric field radiation
pattern versus depth along the Y axis shown in Fig. 67
shows a focused beam with peak radiation at approximately
2 cm depth, with lower electric field intensity at the
surface of the breast. In the measured data, the beam
width for SAR values greater than 50% indicated that a
heating region approximately 2 cm long can be expected in
the Y (depth) dimension. Near the left and right surfaces
of the phantom, the small differences between the electric
field measurements and simulated calculations are
expected, due to the amplitude and phase errors present in
the experimental set up of the microwave feed network
driving the applicators and in the invasive electric field
probe alignment within the phantom. Thus, the .
measurements are in good agreement with the ideal monopole
phased array simulated data.

It should also be noted that the adaptive focusing
and nulling techniques described in this application can
be used with invasive and/or non-invasive RF probes to
help tailor the generated RF energy profiles as desired.
Furthermore, whereas a single monopole phased array can be
electronically focused in azimuth, stacked monopole arrays
(such as those shown in Fig. 59) can also be used to
provide focusing and beam shaping in elevation. It should
also be noted that freguencies other than 915 MHz can also
be uéed.

| Figs. 68 and 69 are simulated radiation patterns -
which show that radiation can be focused at positions

within the breast tissue offset from the center 532
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applicators 500 of the opposed monopole array. Figs. 70
and 71 show that a single monopole array applicator 500
can also be used to effectively focus radiation into the
target, albeit with a pattern that achieves maximum energy
density closer to the surface of the target tissue, rather
than in the center of the target tissue.

EQUIVALENTS
While this invention has been particularly shown and

described with references to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made
therein without departing from the spirit and scope of the
invention as defined by the appended claims. For
instance, although the hyperthermia systems described
herein are with respect to a particular range of RF
frequencies, the invention is applicable to hyperthermia
systems operating from low frequencies to microwave
frequencies. Some of the methods and techniques described
herein are also applicable to ultrasound hyperthermia
systems. It is also understood that larger or smaller
numbers of antenna elements and electric field probes may
be used with similar results. The invention is also
applicable to non-medical hyperthermia systems, such as

those used for industrial heating.
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CLATIMS
1. A hyperthermia applicator for inducing a temperature

rise in a human breast, comprising

a waveguide comprising an aperture and an
electric field radiator coupled to a source of
electric field energy for producing electric field
radiation output from the waveguide through the
aperture; and

compression means for compressing a human breast
to a predetermined thickness, the waveguide being
adapted to be disposed such that the compressed
breast is positioned to receive electric field

radiation from the waveguide.

2. The apparatus of Claim 1, wherein the electric field
radiator comprises a phased-array of electric field

transmit elements.

3. The apparatus of Claim 2, wherein the phased-array of
electric field transmit elements comprises an array

of monopole antenna elements.

4. The apparatus of Claim 3, wherein the waveguide

comprises

a first RF reflecting groundplane surface for
mounting the monopole antenna elements, wherein the
monopole antenna elements are perpendicularly mounted
to the same side of the RF reflecting ground plane,

a second RF reflecting groundplane surface
disposed substantially parallel to the first RF
reflecting groundplane such that the monopole antenna
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RF reflecting groundplanes, and

an RF reflecting screen mounted substantially
perpendicular to the first and second RF groundplane
surfaces and behind the monopole antenna elements to

reflect RF energy from the monopole antenna elements

toward the aperture of the waveguide.

5. The apparatus of Claim 4 wherein the RF reflecting
screen is positioned between 1/8 to 1/2 wavelength

from the monopole antenna elements.

6. The apparatus of Claim 4 wherein the waveguide
comprises an enclosure surrounding the monopole
antenna elements providing a vessel for enclosing a
bolus of fluid between the monopole antenna elements

and the breast.

7. The apparatus of Claim 6 wherein the vessel comprises

a bolus of deionized water.

8. The apparatus of Claim 3 wherein the monopole antenna
elements are arranged along a circular arc of

substantially constant radius.

9. The apparatus of Claim 8 wherein the radius is
substantially the distance from the monopole antenna

array to the surface of the breast adjacent an

internal target.
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The apparatus of Claim 8 wherein the radius is
substantially the distance from the monopole antenna

array to a target within the breast.

The apparatus of Claim 3 wherein the monopole antenna

elements resonate at between 800 and 1000 MH=z.

The apparatus of Claims 2 further comprising

at least one electric field probe for detecting
electric field radiation; and '

a controller coupled to the electric field probe
for receiving the detected electric field radiation
and generating a respective feedback signal for
controlling the source of electric field energy
applied to each phased-array antenna transmit
element, and for adjusting the feedback signal in
response to the detected electric field radiation so
that the detected electric field radiation is
maximized at the electric field probe.

The apparatus of Claim 12, wherein the electric field
probe comprises at least one probe element disposed
invasively within the breast at the desired focus of

the electric field energy.

The apparatus of Claim 13, further comprising
mammography means for imaging the internal structure

of the breast.

A hyperthermia applicator for inducing a temperature

rise in a human breast, comprising
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a first waveguide comprising a first apérture
and a first electric field radiator coupled to a
source of electric field energy for producing
electric field radiation output from the first
waveguide through the first aperture;

a second waveguide comprising a second aperture
and a second electric field radiator coupled to a
source of electric field energy for producing
electric field radiation output from the second
waveguide through the second aperture;

compression means for compressing a human breast
to a predetermined thickness, the first and second
waveguides being adapted to be disposed on opposite
sides of the compression means such that the
compressed breast is positioned to receive electric
field radiation from the first and second waveguides.

The apparatus of Claim 15, wherein the first and
second electric field radiators each comprise a
phased-array of electric field transmit elements.

The apparatus of Claim 16, wherein the phased-array
of electric field transmit elements comprises an

array of monopole antenna elements.

The apparatus of Claim 17, wherein the first and
second waveguides each comprise

a first RF reflecting groundplane surface for
mounting the monopole antenna elements, wherein the
monopole antenna elements are perpendicularly mounted

to the same side of the RF reflecting ground plane,
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a second RF reflecting groundplane surface
disposed substantially parallel to the first RF
reflecting groundplane such that the monopole antenna
elements are positioned between the first and second
RF reflecting groundplanes, and

an RF reflecting screen mounted substantially
perpendicular to the first and second RF groundplane
surfaces behind the monopole antenna elements to
reflect RF energy from the monopole antenna elements
toward the aperture of the corresponding waveguide.

The apparatus of Claim 18 wherein the RF reflecting
screen is positioned between 1/8 to 1/2 wavelength

from the monopole antenna elements.

The apparatus of Claim 18 wherein said first and
second waveguides each comprise an enclosure
surrounding the monopole antenna elements providing a
vessel for enclosing a bolus of £luid between the

monopole antenna elements and the breast.

The apparatus of Claim 20 wherein the vessel

comprises a bolus of deionized water.

The apparatus of Claim 17 wherein the monopole

antenna elements are arranged along a circular arc of

substantially constant radius.

The apparatus of Claim 22 wherein the radius is

substantially the distance from the monopole antenna
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array to the surface of the breast adjacent a target

within the breast.

The apparatus of Claim 22 wherein the radius is
substantially the distance from the monopole antenna

array to the target within the breast.

The apparatus of Claim 17 wherein the monopole
antenna elements resonate at between 800 and 1000

MHz .

The apparatus of Claims 16 further comprising

at least one electric field probe for detecting
electric field radiation; and

a controller coupled to the electric field probe
for receiving the detected electric field radiation
and generating a respective feedback signal for
controlling the source of electric field energy
applied to each phased-array antenna transmit
element, and for adjusting the feedback signal in
response to the detected electric field radiation so
that the detected electric field radiation is

maximized at the electric field probe.

The apparatus of Claim 26, wherein the electric field
probe comprises at least one probe element disposed
invasively within the breast at the desired focus of

the electric field enexrgy.

The apparatus of Claim 27, further‘comprising

mammography means for imaging the internal structure

of the breast.
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A method for inducing a temperature rise in a human
breast, comprising the steps of:

compressing a human breast to a predetermined
thickness;

positioning adjacent the breast a waveguide
comprising an aperture and an electric field radiator
coupled to a source of electric field energy for
producing electric field radiation output from the
waveguide through the aperture;

irradiating the breast with electric field
radiation output from the waveguide aperture to raise

the internal temperature of the breast tissue.

The method of Claim 29, further comprising the steps
of:

inserting an electric field probe, for detecting
electric field radiation, into the breast at the
desired focus of the electric field energy:

detecting the electric field radiation with the
electric field probe; and

generating a feedback signal for controlling the
source of electric field energy applied to the
electric field radiator in response to the detected
electric field radiation so that the detected

electric field radiation is maximized at the electric

field probe.
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