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ABSTRACT

Adaptive nulling is applied to the problem of generating a cherapeutic thermal
dose distribution in electromagnetic hyperthermia treatment of cancer. A system
design concept for implementing adaptive hyperthermia is introduced. With the
proposed design concept, it may be possible to maximize the applied electric field
at a tumor position in the target body and simultaneously minimize or reduce
the electric field at target positions where undesired high temperature regicns (hot
spots) occur. In a clinical situation, either a gradient search algorithm or sample
matrix inversion algorithm would be used to rapidly form the adaptive null (or nulls)
prior to any significant tissue heating. Auxiliary short-dipole fieid probes are used in
effecting the 1iesired electric field nulls. An adaptive null furmed at the surface of the
target has a finite width and extends into the target. This finite null width can allow
for noninvasively positioned auxiliary probes in an adaptive hyperthermia system.
The allowed spacing or resclution between a deep null and focus is fundamentally
equal to the hyperthermia antenna half-power beamwidth in the tissue. A closer
spacing between the desired null position and focus is achieved by reducing the null
depth via the signal-to-noise ratio at the auxiliary probe.

Analyvsis of an annular phased-arrav antenna embedded in an infinite homo-
geneous medium shows the potential merit of combining adaptive nulling with con-
ventional near-field focusing used in hyperthermia. The analysis is based on a well-
known moment-method theory for conducting thin-wire antennas in a homogeneous
conducting medium. The theory and software used to compute the moment-method
received voltage at a short-dipole probe due to a transmitting dipole array are doc-
umented. Computer simulation results are presented for a fully adaptive eight-
element annular array operating at 120 MHz and embedded in homogeneous muscle
tissue. Multiple simultaneous nulls are used in adaptively generating a desired ra-
diation pattern in the muscle tissue. The power received at a movable short-dipole
E-field sensor is then used as the power source in a second computer simulation
that performs a transient thermal analysis of an elliptical target body surrounded
by a constant-temperature water bolus. The computer simulations show that adap-
tive nulling can prevent undesired high-temperature regiors from occurring while
simultaneously heating a deep-seated tumor site. — S
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1. INTRODUCTION

The successful treatme.t 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 modalities are surgery,
chemotherapy, and x-ray therapy {1]. A modality used alone or in conjunction with one of the above
modalities is “tissue heating,” or hyperthermia [1,2,3,4]. Hyperthermia can be considered as a form
of high fever 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. The most difficult aspect of implementing hyperthermia, with
either radio-frequency (RF) waves or acoustic (ultrasound) waves, is producing sufficient heating at
depth. Multiple-applicator RF hyperthermia arrays are commonly used to provide a focused near-
field main beam at the tumor position. A focal region should be concentrated at the tumor with
minimal energy delivered to surrounding normal tissue. As the hyperthermia antenna beamwidth
is proportional to the wavelength, 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 frequency. One of the major problems 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 hyperthermia treatment in order to provide direct verbal feedback of any pain. Thus, techniques
for reducing hot spots are necessary in hyperthc.mia treatment.

Several journals have published special issues on acoustic and electromagnetic hyperthermia
treatment of cancer [5,6]. Electromagnetic transmitting arrays in the frequency band 60-2000 MHz
are used to localize heating of malignant tumors within a target body. Many studies have been
conducted to produce improved therapeutic field distributions with hyperthermia phased arrays [7-
20]. Phase control can be used to synthesize therapeutic RF radiation patterns without adaptive
control of the transmit array weights [7-12]. Array transmit weights can be adaptively controlled
to maximize the tumor temperature (or RF power delivered to the tumor) while minimizing the
surrounding tissue temperature (or RF power delivered to the surrounding tissue) [13-20]. All other
studies require invasive techniques to optimize the radiation pattern [13-20]. This report addresses
the potential benefit of using adaptive nulling with noninvasive auxiliary sensors to reduce the field
intensity at selected positions in the target body while maintaining a desired focus at a tumor.

It is useful to describe certain features of a clinical hyperthermia system used to treat deep-
seated tumors. A hyperthermia annular phased-array antenna system (Model BSD-2000, SIGMA-
60 applicator [21], BSD Medical Corporation, Salt Lake City, Utah) is shown in Figure 1. By
fully surrounding the patient -vith 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
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Figure 1. A clinical hyperthermia phased-array antenna system.




band 60-120 MHz [22]. 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 noninvasive) 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 bolus is filled with circulating distilled
water. which has a very low propagation loss. Computer simulation models for this hyperthermia
antenna system with inhomogeneous targets have been de reloped [7,9]. To the author’s knowledge,
the hvperthermia system in Figure 1 has not been used to form adaptive nulls, although the system
may have sufficient temperature and electric-field sensing capability to implement adaptive nulling
with an appropriate transmit-weight control algorithm. A candidate adaptive nulling algorithm
would be a gradient search based on minimizing the signal received by electric-field sensors at the
desired null positions while maximizing the signal at the focal point. The reason for considering
this algorithm is that the BSD-2000 system is currently capable of measuring the applied electric-
field amplitude but not the phase. Note: the E-field detectors used in the BSD-2000 system are
semiconductor diode detectors. A potentially better approach to performing adaptive hyperthermia
is to use a channel-covariance-matrix-based algorithm to control the weights. If the electric-field
phase and amplitude are measured (by modification of the E-field probe hardware to form in-phase
and quadrature signals) the sample matrix inversion (SMI) algorithm (23] could be used to form
the nulls. The concept of adaptive nulling as it applies to hyperthermia will now be described.

Recently. the author has been investigating a technique called focused near-field adaptive
nulling {24-30,. for which the general concept is shown in Figure 2. A calibration probe antenna
is used to focus the main beam at approximately one diameter D of the phased array. Additional
(auxiliary) probe antennas are located in the sidelobe region of the phased-array quiescent radiation
pattern. Adaptive nulls are formed in the direction of these auxiliary probes. Computer simulations
show that a radar system can be tested by using the focused near-field nulling technique [29]. Ex-
perimental measurements of focused near-field adaptive nulling are available [30]. During the radar
syvstem testing study. similarities between the radar application and electromagnetic hyperthermia
were noticed by the author. These similarities are that 1) phased-array near-field focusing is used
to form the main beam and 2) uncontrolled or high sidelobes are potentially deleterious to system
performance. For the radar syvstem. interference signals entering through uncontrolled sidelobes can
reduce the signal-to-noise ratio (SNR): adaptive nulling {31} is commonly used to counteract this
possible degradation. In the hyperthermia syvstem. high-transmit antenna sidelobes can give rise
to hot spots in the target tissue. These high-temperature regions could possibly be alleviated with
adaptive nulling of the electric-field sidelobes in the target. Much of the software developed for the
radar system testing analyvsis may be readily modified to handle adaptive hyperthermia analysis.

There is continued interest at Lincoln Laboratory in applving techniques used in Department
of Defense (DoD )-sponsored research to other disciplines, such as medical applications. This study
applies radar system testing technology (currently in the form of software simulation) to the medical
application of hyperthermia. Figure 3 depicts the similarities between radar system near-field
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Figure 2. General concept for focused near-field adaptive nulling.

testing and electromagnetic hyvperthermia treatment of cancer. In Figure 3(a), a radar phased-array
antenna system is positioned in an anechoic test chamber with radiating sources that simulate
typical radar signals. Notice that the test antenna is focused in the near field at one aperture
diameter. Computer simulations have shown that the near-field signals (jammer. radar clutter,
and target) received and processed by an adaptive radar system are equivalent to fielded radar
conditions {29. In Figure 3(b). a hyperthermia (transmit) phased array is used to therapeutically
illuminate a target body by focusing its electromagnetic energy on a malignant tumor deep within
the body. Nulls are formed adaptively to reduce the electromagnetic energy delivered to potential
hot spots. The nulls are shown invasive to the target; however, noninvasive null positions on the
surface of the target are also possible as shown in this report.

An example of a deep-seated tumor is cancer of the prostate [1]. The tumor volume often
has a decreased blood flow which aids in heating the tumor, compared to normal tissue for which
heat is carried away by normal blood flow. Note: a blood-flow thermal analysis {32.33] is beyond
the scope of this report; we would like to show initially that with a computer simulation of RF-
illuminated phantom muscle tissue {34] adaptive nulling can improve the thermal dose distribution.
The thermal analysis used in this report is similar to the method presented in Zhang, et al. [35].
where blood flow effects are ignored. In practice, undesired high-temperature regions away from
the focus can occur inside the target volume. For example, scar tissue, which has a decreased
blood flow rate. will tend to heat up more rapidly than normal tissue. In the proposed adaptive
hyvperthermia concept, electric-field nulls are used to reduce the power delivered to potential hot




spots. Computer simulations show that noninvasive field probes can be used to eliminate hot spots
interior to the phantom target tissue.
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Figure 3. Two applications of focused near-field adaptive nulling: (a) Radar system
testing and (b) Hyperthermia treatment of cancer.

An antenna analysis code (called WIRES) capable of analyzing a wide variety of antenna
or radar cross section problems has been developed by J.H. Richmond [36-38]. The software can
analyze complex geometries involving multiple-connected and/or isolated wires and is well-suited to
analyzing low-frequency phased arrays radiating into an infinite homogeneous conducting medium.
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.
For a complete description of the theory and capabilities of the WIRES code, the reader is referred
to the user’s manual [37). The WIRES software has been modified by the author to include near-
field focusing and adaptive nulling capabilities. This modified code has been used to analyze the




near-field and far-field adaptive nulling performance of thin-wire phased arrays in free space {27,29)].
A new version of the thin-wire code that can analyze adaptive hyperthermia arrays in an infinite
homogeneous conducting medium has recently been written and is documented in this report.

This report is organized in the following manner. Section 2 discusses the concept for a
noninvasive adaptive hyperthermia system and describes in detail the theory used in performing
the focused near-field adaptive nulling simulation. Pertinent theory for wave propagation in a
conducting medium is reviewed. A bricf description of the transient thermal analysis approach used
to compute the temperature distribution in a target is given. Section 3 presents simulation results
for a fully adaptive eight-element hyperthermia ring array operating at 120 MHz. The calculated
received RF-power distributions, before and after adaptive nulling, at a short-dipole field probe
with both the field probe and the hyperthermia array embedded in homogeneous muscle tissue,
are presented. The RF power distribution is then fed into transient thermal analysis software
which computes the two-dimensional temperature distribution in an elliptical muscle-tissue target
surrounded with a constant-temperature water bolus. The temperature distribution obtained by
using multiple independent adaptive nulls clearly indicates the elimination of undesired hot spots.
Conclusions are made in Section 4. Performance degradation due to insufficient number of auxiliary
null positions is described in Appendix A. Appendix B contains data files and source code for the
focused near-field adaptive nulling computer simulations.




2. THEORY

2.1 NONINVASIVE ADAPTIVE HYPERTHERMIA SYSTEM CONCEPT

The councept of a noninvasive adaptive-nulling hypertherinia system [39,40) is shown in Fig-
ure 4. Theoretically, to geuerzie the desired field distribution in a clinical adaptive hyperthermia
system, receiving sensors 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). As simulations
in this report will show. for an annular array configuration the receiving sensors can be located
noninvasively on the surface (skin) of the target. Initially, the hyperthermia array is focused to
produce the required field intensity at the tumor. An invasive probe is required to achieve the
optimum focus at depth. To avoid undesired hot spots, it is necessary to minimize the power re-
ceived at the desired null positions and to constrain the array weights to deliver a required amount
of transmitted or focal region power. The adaptive array weights (with gain g and phase ¢) are
controlled by either the SMI algorithm or a gradient search algorithm to rapidly (within seconds)
form the nulls before a significant amount of target heating takes place. With this adaptive tech-
nique, it should be possible to avoid unintentional hot spots and maintain a therapeutic thermal
dose distribution at the tumor.

Figure 5(a) shows a specific example of an eight-element hyperthermia ring phased array with
a target cross section at the prostate level [9]. Figure 5(b) shows an elliptical phantom target which
is used to model the prostate-level cross section. A noninvasive adaptive nulling system is achieved
by placing auxiliary sensors 1.2.---, Ngyuz on the target skin as shown. The null zones centered at
each auxiliary probe naturallv extend into the elliptical target region to eliminate undesired hot
spots. (An example of a two-dimensional near-field null zone is shown in Figure 10(b) of Fenn [28]).
The width of each null zone is directly related to the depth of each null. The depth of each null
(sometimes referred to as the amount of cancellation) is directly related to the SNR at the sensor
position. A low SNR produces a small amount of nulling, and a high SNR produces a large amount
of nulling. The resolution or minimum spacing between the focus and null position is normally equal
to the half-power beamwidth of the antenna. The resolution is enhanced somewhat by using weak
nulls whenever the separation between the null and focus is closer than the half-power beamwidth.

T'igure 6 summarizes the thermal simulation for a hyperthermia ring array transmitting into
a homogeneous elliptical target region. The tumor site is assumed to be at the center of the ellipse.
The thermal distribution in Figure 6(a) contains two undesired hot spots to the left and right of
the focus. In Figure 6(b). adaptive nulling is applied and the hot spots are eliminated. The details
of the computer simulations are contained in Section 3.

In the near-field nulling technique described here, it is assumed that the hyperthermia phased-
array antenna is focused (as it normally is) in the near field and that a raain beam and possibly
sidelobes are formed in the target. In this report. it is assumed that phase focusing is used to
produce the desired quiescent main beam. Figure 7 shows a primary (calibration) probe antenna
located at a desired focal point of an array. The array can maximize the signal reccived Ly the
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Figure 5. (a) Transverse cross section at the prostate level. An eight-element hyperther-
mia mng array of dipole elements is used to irradiate a target body with sufficient power
to elevate the temperature of the target body to a therapeutic level. (b) Elliptical phantom
target used to model the prostate (target)-level cross section. Shown are four noninvasive
auziliary E-field probes that are used in forming null zones with widths controlled by ths
individual null depths. The null zones ertend into the body to reduce the internal electric
field at specified locations.
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calibration prcbe by adjusting its phase shifters so that the observed element-to-element phase
variation is removed. One way to do this in a numerical simulation is to choose a reference path
length as the distance from the focal point to the phase center of the array. This distance is
denoted rr and the distance from the focal point to the nth array element is denoted r,f . The
voltage received at a probe (located at the focal point) due to the nth array element is computed
here using the method of moments as described in Section 2.3. To maximize the received voltage at
the focal-point probe output, it is necessary to apply the phase conjugate of the observed signals,
due to the array elements. at the transmit array. The resvlting 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 probe antennas can then be
placed at the desired null positions in the quiescent sidelobe region. These sidelobes are where
tissue hot spots are likelv to occur: thev are nulled by the adaptive nulling algorithms described
below.
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Figure 7. Adaptwve transmit phased-array antenna near-field focusing concept.
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2.2 ADAPTIVE TRANSMIT ARRAY FORMULATION

Consider the hyperthermia array and probe geometry shown in Figure 7. Typically, the
hvperthermia array contains N identical antenna elements. The input signal to each of the N
array elements is obtained from tnhe weighted signal distributed by the power divider. The number
of adaptive channels is denoted M, and for a fully adaptive array M = N. Note: the report
will concentrate on fully adaptive arrays (arrays in which all transmit array elements have adaptive
weight control): however. the computer simulation program is developed for both fully adaptive and
sidelobe canceller arravs. In this report, ideal transmit weights (a complex voltage gain vector) are
assumed in the computer simulation. with w = (w;.wq. -, wn)? denoting the adaptive channel
weight vector as shown in Figurc 4.1 {Superscript T means transpose). To generate adaptive nulls.
the transmit weights (phase and gain) are controlled by either the SMI algorithm or a gradient
search algorithm. The SMI algorithm has the flexibility to operate in either open- or closed-loop
feedback modes 41 : the gradient search algorithm operates only in a feedback mode.

2.2.1 Sample Matrix Inversion Algorithm

With the SMI algorithm 23 the fundamental quantities required to fullv characterize the
incident field for adaptive nulling purposes are the adaptive channel cross correlations. To imple-
ment this algorithm it is necessary to know the complex received voltage at the auxiliarv probes.
For example. the moment-method formulation {described in Section 2.3) allows computation of the
complex-received voltage at the auxiliarv probes.

The block diagram in Figure & shows how the SMI algorithm is used in the hyperthermia
analvsis. The diagram indicates four performance measures used to quantifv the computer sim-
ulations: electric-field distribution. covariance matrix eigenvalues. adaptive transmit weights, and
interference cancellation. The calculation of these performance measures is described in detail
below.

' wavefront be incident at the ith probe antenna, due to

Referencing Figure 7. let a spheric,
each arrav element (radiating one at a time with a unitv-amplitude reference signal), which results
in a set of probe-received complex voltages denoted v}.vh.---.1%.. The cross correlation R! . of
the received voltages due to the mth and nth adaptive transmit channels at the ith probe is given

by

R,

mr

= E{tmt) . (1)

"The effects of transmit-weight quantization and transmit-weight random errors are addressed in
the sofrware.
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where * means complex conjugate and E(-) means mathematical expectation. Because v,, and
vy, represent voltages of the same waveform but at different times, R:,, is also referred to as an
autocorrelation function. Note: for convenience, in Equation (1) the superscript 7 in v,, and in v,
has been omitted. '

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

1 rf2

Ron=1 ), wmP(Nd . (2)

where B = f, — fy is the nulling bandwidth and f is the frequency. It should be noted that
tm(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

R;nn = vm(fo)v:l(fo) 1 (3)

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

Let the channel or interference covariance matrix be denoted R. (Note: in hyperthermia.
interference is used to refer to the signals received at the auxiliarv probes. The undesired hot
spots can be thought of as interfering with the therapy.) If there are J,,, independent desired
null positions or auxiliary probes. the J,,,-probe covariance matrix is the sum of the covariance
matrices observed at the individual probes; that is.

Jau;r

R=> R+1 . (4)

=1

where R. is the sample covariance matrix observed at the ith probe and I is the identity matrix
used to represent the thermal noise level of the receiver. (It should be noted that both N,,, and
Jaur can be used interchangeably to describe the number cf auxiliary nulling sensors or received-
interference signal positions. The symbol Jay: is perhaps more descriptive and can equivalently be
thought of as the number of positions where jamming signals are nulled).

Prior to generating an adaptive null, the adaptive channel weight vector, w, is chosen to
svnthesize a desired quiescent radiation pattern. When nulling is desired, the optimum set of
transmit weights to form an adaptive null (or nulls), denoted w,, is computed [23] by

w, = R, . (5)
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where ~! means inverse and w, is the quiescent weight vector. During array calibration, the

normalized quiescent transmit weight vector, with element 1 radiating, is chosen to be w, =
(1,0.0.---,0)7T: that is, the transmit channel weight of element 1 is unity and the remaining transmit
channel weights are zero. Similar weight settings are used to calibrate the remaining transmit
elements. For a fullv adaptive annular array focused at the origin in homogeneous tissue, the
normalized quiescent weight vector is simply wg = (1,1,1,---,1)7. Commonly, the weight vector
is constrained to deliver a required amount of power to the hyperthermia array or to the tumor.
For simplic:ty in the software used to analyze the hyperthermia array, the weights are constrained
such that

M

z il =1 , (6)

m=1

where u, is the transmit weight for the nth element. Note: in the computer simulations, the
electric field due to the normalized weight vector is scaled appropriately to deliver the required
amount of power to the tissue so that a desired focal-region temperature level is achieved after ¢
minutes.

The summation of power received at the probes is given by
p= 'wT Rw . (7)

where ' means complex conjugate transpose. The interference-plus-noise-to-noise ratio, denoted
INR. 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 onlv receiver noise present;
that is.

yt '
INg = W R

(8)

whw

The adaptive array cancellation ratio, denoted 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;
that is.

c=P (9)

Pq

Substituting Equation (7) in Equation (9) vields
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C= w. Rw,

= ——2 10
wy' Rw, (10)

Next, the covariance matrix defined by the elements in Equations (2) or (3) is Hermitian
(that is, R = R'), which, by the spectral theorem, can be decomposed in eigenspace [42] as

M
R=) e, (11)

k=1
where Ai.k = 1.2.---, M are the eigenvalues of R, and e,k = 1,2,---, M are the associated
eigenvectors of R. The interference covariance matrix eigenvalues (A1, A2, -+, Apr) are a convenient

quantitative measure of the use of the adaptive array degrees of freedom {43]. The amplitude spread
between the largest and smallest eigenvalues is a quantitative measure of the dynamic range of the
interference (hot spot) signals.

2.2.2 Gradient Search Algorithm

Under conditions where only the probe-received voltage amplitude is measured (as in the
BSD-2000 system previously mentioned), it is appropriate to consider a gradient search algorithm
to minimize the interference power at selected positions. The gradient search is used to iteratively
control the transmit weights so 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. The mathematical formulation for the gradient search is developed in a straight-
forward manner [44] and will not be considered further here. Only the sample covariance matrix
inversion algorithm has been implemented in the focused near-field nulling simulation presented in
this report.

2.3 MOMENT-METHOD FORMULATION

This section describes a method of moments formulation to compute the probe-received volt-
ages 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 u,¢, and o,
which are discussed in the next section. The formulation given here is analogous to that developed
under array-receiving conditions for an adaptive radar [29]. The software used to analyze a hyper-
thermia array is based on the receive-array analogy but the theory presented below is given in the
context of a transmit ariayv. Referring to Figure 9, assume that each transmit element is fed with
a generator having a known impedance Z;. Let v 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 or one of the auxiliary probes used to null a sidelobe. The number of auxiliary

probes is denoted by Ju,,. The receive probe is assumed to be terminated in an impedance Z,.
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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 m and n is denoted
Zm.n- It is assumed that multiple interaction between the hyperthermia array and the probe sensor
can be neglected. Thus, the hyperthermia array terminal current vector ¢+ can be computed in
terms of the transmit weights w as

i=Z+Z 1w . (12)

Next. let ZJ be the open-circuit mutual impedance between the jth probe and the nth array

element. The induced open-circuit voltage 175 at the jth receive probe, due to the nth array

element transmit current i,, can then be expressed as
WS =Z) iy (13)

In matrix form, the induced open-circuit probe-voltage matrix v;f‘;be is

v;}c(;be = Zprobe,arrayi (14)
or
Vol = Zprobearray [Z + 210 w (15)

where Z robe array iS @ rectangular matrix of order J,u2 x N for the open-circuit mutual impedance
between the probe array and the hyperthermia array. Note: the jth row of the matrix Zprobe,array is
written as (Z].Z3.---,Z%), where j = 1,2,- -+, Jouz. The receive voltage matrix is then computed
by the receiving circuit equivalence theorem for an antenna [50]. The receive-antenna equivalent
circuit is depicted in Figure 10, where it is readily determined that

rec .C. Z"
Virobe = v;rcobem , (16)

where Z,, is the input impedance of the probe. It should be noted that the v;;f,be matrix is a

column vector of length Jo,, and v}* is the jth element of the matrix. The probe-receive current
matrix is given by

.7 .c. 1
1;;.266 = v;rco&m (17)
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The jth element of the column vector z;ﬁf,be is denoted i;“, J=1,2,-++,Jauz. Finally, the power

received by the jth probe is

rec 1 r rec”
e = §Re(,vjec . z]_ec ) : (18)

where Re means real part. Substituting Equations (16) and (17) into Equation (18) yields

1 Re(Z,)
rec 0.c.12 T
eC — |0 T 19
P 2|1] | ’Zz'n + Zrl2 ( )
The total interference power received by the auxiliary probe array is given by

Jnur

prec - Z p;ec . (20)
i=1

The incident electric field E is related to the open-circuit voltage v®¢ by the effective height
h of the probe antenna |48 as

¢ = hE . (21)

If the length L, of the probe antenna is approximately 0.1\ or less, the current distribution is
triangular and the effective height is h = 0.5L,, [48]. Thus, for a short-dipole probe the open-circuit
voltage can be expressed as

19 = —=LF . (22)

It then follows from Equation (22, that the E field for a short-dipole probe at position (z,y, z) is
given by

E(z.y.z2) = (23)

Finally. the quiescent and adapted E-field radiation patterns are computed using the quiescent and
adapted weight vectors wg end w,, respectively. in Equations (15) and (23).

The moment-method expansion and testing functions are assumed to be sinusoidal. The open-
circuit mutual impedances in Equation (15) between thin-wire dipoles in a homogeneous conducting
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medium are computed based on subroutines from a well-known moment-method computer code [38].
In evaluating Z} 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 V¥ocuss the receive array. weight
vector w will have its phase commands set equal to the conjugate of the corresponding phases in
VY5, Transmit antenna radiation patterns are obtained by scanning (moving) a dipole probe
with half-length [ in the near-field and computing the receive probe-voltage response.

The received voltage matrix for the jth probe (denoted v7*°) is computed at K frequencies
across the nulling bandwidth. Thus, v7*(f1), v;*(f2)," -, v}*(fk) are needed. In this report, the
impedance matrix is computed at K frequencies and is inverted K times. The probe covariance ma-
trix elements are computed by evaluating Equation (2) numerically, using Simpson’s rule numerical
integration. For multiple auxiliary probes, the covariance matrix is evaluated using Equation (3).
Adaptive array radiation patterns are computed by superimposing the quiescent radiation pattern

with the weighted sum of auxiliary-channel-received voltages.

2.3.1 WAVE PROPAGATION IN CONDUCTING MEDIA

To gain insight into the effect of a lossy medium 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

VxH =J + jweE (24)
VXE=—jwuH , (25)

where E and H are the electric and magnetic fields, respectively. J is the conduction current
density, w = 27 f is the radian frequency. ¢ is the permittivity of the medium, and u is the
permeability of the medium. The permittivity is expressed as ¢ = €,.¢,, where ¢, is the dielectric
constant (relative permittivity) and ¢, is the permittivity of free space. Similarly, u = y,u,, where
itr is the relative permeability and pu, is the permeability of free space. For a medium with electrical
conductivity ¢, J and E are related as

J=0F . (26)
Substituting Equation (26) into Equation (24) yields
VxH = (0 + jwe)E . (27)

From Equations (24) and (25), the vector wave equation in terms of E is derived as
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V2E-~E=0 . (28)

It is readily shown [{49] that
TN . / .0
Y= Ey Jwp(o + jwe) = ijw\/,ue\/l —i— . (29)

The quantity o/we is referred to as the loss tangent. It is common to express the complex propa-
gation constant as

where a is the attenuation constant and 3 is the phase constant. The constants o and 3 are found
by setting Equation (29) equal to Equation (30) and then squaring both sides, equating the real
and imaginary parts, and solving the pair of simultaneous equations, with the result

a=VE e (T oy (31)
V2 wE
w e ] ’ .

3= (D (32)
V2 v we

The wavelength ) in the lossy dielectric is then computed from

,\:-5 . (33)

The intrinsic wave impedance 7 is given by

// .w' n 1
Jen _ fu . (34)

n:\o-rj.uc— € i1-j@
VT e

The instantaneous power density of the electromagnetic field is given by Poynting’s vector,
denoted P,

P=_-ExH" . (35)
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which has units of (W/m?). The time-average power flow density is equal to the real part of the
complex Poynting's vector. The time-average power dissipation per unit volume P; (W/m3) is
derived from Maxwell’s equations, with the result

1
P, = %E Tt =solEE (36)

The specific absorption rate (SAR) [2] is the power dissipated or absorbed per unit mass (W/kg)
of the medium (tissue). or

Pd g 9
SAR=— = —|E| , 37
L 37)

where p is the density of the medium in kg/m?.

It is convenient to have a simple equation for computing the propagation loss between any
two points in the near field of an isolated transmitting antenna. Thus, 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 e/“* time
dependence, the electric field as a function of range = can be expressed as

-7

e
E(r)=E, " , (38)

where E, is a constant.

For a source at the origin. the amplitude of the electric field at range r; is given by

—Qar
€ 1

|E(r1)! = Eo : (39)
1
and at range 72 by
) e—a'r‘g
|E(r2)i = E, (40)
T2

The total propagation loss between ranges r; and r» is found by taking the ratio of Equations (40)
and (39), or

|E(r2)’ _ Tl _—a(r2—ry)
B - T2€ . (41)
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The field attenuation A, in dB from range r; to range r2 due to the lossy dielectric is simply
Aq = 20logjg(e~a(2—m)) (42)
Similarly, the 1/r attenuation loss A, in dB is
T
A, = 20log,y — . (43)
T2

2.3.2 THERMAL MODELING OF AN INHOMOGENEOUS TARGET

A thermal analvsis computer program called the transient thermal analyzer (TTA), developed
by Arthur D. Little. Inc., has been used at Lincoln Laboratory for space pavload analysis since 1969.
Recent documentation for TTA exists [51,52]. The important details of the analysis are described
in this section. The TTA software is used in the next section to accomplish the thermal modeling of
homogeneous muscle tissue surrounded by a constant-teniperature water bolus. Thermal modeling
techniques have been described in detail [53;.

The TTA program uses the finite-difference technique to solve a set of nonlinear energy balance
equations. 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 equation, which
is solved by TTA. is expressed as

dT;

N
> Qi - Rlt)+ Afigt_ =0 (44)
1=1

where Q; ; is the net outward heat flow from node i in the direction of node j, P;(t) is the power
into node 7 at time t. and Al; is the thermal mass (mass times specific heat) of node i. Figure 11
shows an electric circuit analog which is used to model the two-dimensional thermal characteristics
of the material volume. Power P, in watts is delivered to the ith node. Capacitor C; (with units
Joules '°C) is used to model the thermal capacitance at the ith node. Resistor R;; (with units
°C/W} is used to model the heat resistance between nodes ¢ and j.

With a spacing of Al between nodes (assuming cubic cells). the values of R; ;, C; and P; are
computed as

1

Rz,j = %IJAI L]

(45)

where k; ; is the thermal conductivity (with units W/m°C) between nodes i and j;
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Figure 11.  Equivalent circuit model used in thermal analysis. The inhomogeneous body
of interest 1s modeled with a grid of nodes interconnected by resistors. Each node has an
associated power source and capacitor.
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Ci = piCpi(Al® | (46)
where C); is the specific heat at the ith node and p; is the density (kg/m?) at the ith node; and

P, = (SAR)ipi(AD° (47)
where (SAR); is the SAR for the ith node, which is given by

(SAR), = ZE? | (48)
2p,

where o, is the electrical conductivity of the ith node and |E;' is the magnitude of the electric
field delivered by the hyperthermia array to the ith node. Note: in substituting Equation (48)
into Equation (47). 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 Py, ) as

P, = Pu(AD? . (49)

A block diagram showing how TTA is used in the hyperthermia analvsis is given in Figure 12.
First. the method of moments. controlled by the SMI nulling algorithm. is used to compute the
electric field radiation pattern throughout a homogeneous region (muscle tissue). This power dis-
tribution is then read into the TTA program. which computes the temperature distribution inside
an elliptical muscle-tissue target surrounded with a constant-temperature water bolus.
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3. SIMULATION RESULTS

To demonstrate the effectiveness of focused near-field adaptive nulling in reducing undesired
hot spots. several computer simulations are presented. The E-field simulations are for the signal
received by a short-dipole probe due to a transmitting phased array embedded in an infinite homeo-
geneous lossy dielectric (muscle tissue). However. the thermal simulations are for an elliptical target
(muscle tissue) surrounded by a constant-temperature water bolus. Because the F 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 E-field calculation in the assumed infinite homogeneous medium introduces additional
field attenuation not present in a clinical hyperthermia syvstem 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 arrayv weights are normalized according to Equation (6).
Thus. in this report 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 (byv a scale
factor) to produce a desired maximum focal-region temperature (Tn,.) after t minutes. Note: 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 svstem shown in Figure 1. This hvperthermia system uses a 60-cm array diameter with
eight uniformly spaced dipole elements (fed as four pairs) which operate over the frequency band
60-120 MHz 21 . The simulated arrav is assumed to be fullv adaptive. and with eight adaptive
elements seven independent nulls can be formed while simultaneously focusing on a tumor. For
comparison. the BSD-2000 hyperthermia system could be used to form up to three independent
nulls.

In this section. we assume that the adaptive radiation pattern null-width characteristics in
a homogeneous target will be similar to the characteristics observed in an inhomogeneous target.
The null width is directly related to the wavelength and there is only a 5 percent change in wave-
length between the assumed muscle tissue and water bolus. With this assumption. the transmit
array is embedded in homogeneous tissue. which allows direct use of the thin-wire moment-method
formulation in Section 2.3. After computing the two-dimensional electric-field distribution in the
homogeneous medium. we then consider only an elliptical portion of the homogeneous region and
use the ellipse as the homogenccus target. In the thermal analvsis, the elliptical target is sur-
rounded with a constant 10°C water bolus. The electric 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 presenied in this section are at a 120-MHz operating frequency
with four auxihary nulling sensors: that is, N,,; = 4. Degraded system performance due to an




insufficient number of auxiliary probes is considered in Appendix A. The parameters used in the
electrical and thermal analyses are summarized in Table 1. These parameters, obtained in part

TABLE 1

Parameters Used in Electrical/ Thermal Analysis

171588-5

PARAMETER PHANTOM MUSCLE | p51LLED WATER
TISSUE
DIELECTRIC CONSTANT 73.5 80.0
@ 100 MHz
ELECTRICAL CONDUCTIV'TY 0.5 S/m 0.0001 S/m

@ 100 MHz

DENSITY 970.0 kg/m° 1000.0 kg/m3

SPECIFIC HEAT 3516.0 J/kg °C 4200.0 J/kg °C

THERMAL CONDUCTIVITY 0.544 W/m °C 0.6019 W/m °C

from Sullivan [9,. are for a frequency of 100 MHz: we assume that similar values of the parameters
will exist at 120 MHz. Notice that the relative dielectric constants of phantom muscle tissue and
distilled water are very similar; however, the electrical conductivities are vastly different. The
relevant thermal characteristics—density. specific heat, and thermal conductivity [35]—are very
similar for phantom muscle tissue and distilled water.

3.1 ELECTRIC FIELD FOR ARRAY IN HOMOGENEOUS TISSUE

Substituting the values f = 120 MHz. ¢ = 0.5 S/m, and ¢, = 73.5 into Equation (29)
vields 4,, = 10.0 + 723.8 for the muscle tissue. With 3,, = 23.8 radians/m, the wavelength in
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the phantom muscle tissue is A,, = 26.5 cm. The attenuation constant for the muscle tissue is
am = 10.0 radians/m. Similarly, for distilled water 7, = 0.0021 + j22.5, so the wavelength is
Av = 27.9 cm. The attenuation constant for the distilled water medium is a,. = 0.0021 radians/m.
The propagation loss in the phantom muscle tissue is 20log;o e 190, 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 ccrresponding loss is 13.1 dB. The wave impedance in the muscle tissue is computed from
Equation (34) as n,, = 33.9 +j 14.2 Q. and similarly in the distilled water 7, = 42.1 +j 0.004 Q.

The geometry used in the simulations is shown in Figure 13. A 60-cm-diameter ring array
of eight dipoles uniformly surrounds a fictitious elliptical target zone with major axis 30 cm and
minor axis 20 cm. The length of each perfectly conducting center-fed dipole array element at
120 MHz in the infinite homogeneous muscle tissue is A/2. or 13.25 cm. The array focus is assumed
at the origin. and four auxiliary short-dipole sensors with length 1.27 cm (0.05)\) are positioned in
(z.y.z) coordinates at (15 cm. 0. 0). (=15 cm. 0, 0), (0, 0, 10 cm), and (0, 0, —10 cm); that is,
the auxiliary E-field sensors are located every 90° in azimuth on the perimeter of the target. In
rectarJular coordinates, each dipole is oriented in 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 quiesce.t and adaptive radiation patterns on a 41 by 41 grid of points.
The CPU time without radiation pattern calculations is 33 seconds.

The two-dimensional radiation pattern in the plane y = 0, before nulling, at 120 MHz with
uniform amplitude and phase illumination. is shown in Figure 14. 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.
The spacing between data points is 1.905 cm. or 0.072A, 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 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.

Finer contour levels (1-dB steps) for the quiescent radiation pattern are displaved in Figure 15.
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 away from the focus.

A quiescent radiation pattern cut at z = 0 is shown in Figure 16. The large amplitude that
occurs at 30 cm is due to the E-field probe’s close proximity to the transmitting elements. The
large attenuation that occurs from the ar.ay diameter to the focus is due to the 1/r attenuation
loss and the loss in the uniform homogeneous muscle tissue. The radiation pattern cut for z = 0
in Figure 17 is identical to the pattern in Figure 16 due to the symmetry of the array. In both
Figures 16 and 17 the boundary of the fictitious elliptical target zone is indicated. The increasing
radiation pattern amplitude near the left and right sides of the elliptical target (Figure 16) will be
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Figure 13. Geometry for eight-element ring array and four E-field auriliary sensors.
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E- FIELD BEFORE NULLING 17266814

z(cm)
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Figure 14. Simulated two-dimensional quiescent radiation pattern at 120 MH: for uni-
formly illuminated eight-element ring array in infinite homogeneous conducting medium
(phantom muscle tissue: ¢, = 73.5.0 = 0.5). A fictitious elliptical target region is indi-
cated by the dashed curve. Radiation contour levels are in 10-dB steps.
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Figure 15. Simulated two-dimensional quiescent radiation pattern at 120 MH:z for uni-
formly illuminated eight-element ring array in infinite homogeneous conducting medium
(phantom muscle tissue: €, = 73.5.0 = 0.5). A fictitious elliptical target region is indi-
cated by the dashed curve. Radiation contour levels are given in 1-dB steps.
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shown to produce hot spots in the thermal distribution. As shown in the next section, because
the top (anterior) and bottom (posterior) of the elliptical target are not as strongly illuminated as
the left and right sides, no quiescent hot spots occur at the top or bottom. From Figure 16, the
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Figure 16. Simulated one-dimensional quiescent radiation pattern cut (: = 0) at
120 MH: for uniformly illuminated eight-element ring array in infinite homogeneous con-
ducting medium (phantom muscle tissue: ¢, = 73.5,0 = 0.5).

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. 2 The adaptive nulling resolution

%Sullivan [54] has recently published simulations and measurements of SAR patterns at 70-110
MHz. using a homogeneous 35 x 25-cm elliptical target surrounded with a layer of fat and a water
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Figure 17. Simulated one-dimensional quiescent radiation pattern cut (r = 0) at

120 MH: for uniformly illuminated eight-element ring array in infinite homogeneous con-
ducting medium (phantom muscle tissue: €, = 73.5,0 = 0.5).
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or closest allowed spacing between a deep adaptive null and the main beam is equal to the half-
power beamwidth of the antenna [55]. Thus, the closest allowed null position is 13 cm from the
focus. Since the target width is 30 cm, two nulls can be formed at (z = £15 cm, z = 0) without
disturbing the focus. However, if two deep nulls are formed at (z = 0,2 = +10 cm) the focus will
be compromised. In practice, the water bolus would restrict the placement of short-dipole sensors
to the surface of the target. Thus, only weak nulls can be formed at (z = 0,z = %10 cm) so that
the focus will not be affected by the adaptive nulling process.

Next, adaptive radiation patterns are computed with four auxiliary dipole sensors; their
positions are shown in Figure 13. The value of the receiving gain for auxiliary dipoles 1 and 2 is
adjusted to produce a greater-than-35-dB SNR. This amount of SNR results in greater than 35 dB
of nulling in the direction of auxiliary dipoles 1 and 2. In contrast, the gain values for auxiliary
dipoles 3 and 4 are turned down to produce about a 3-dB SNR. Thus, only about 3 dB of nulling
will occur at sensor positions 3 and 4 as the adaptive algorithm reduces the interference to the noise
level of the receiver. The reason for choosing these null depths will become apparent with the data
that follow. Figure 18 shows the two-dimensional radiation pattern after nulling with four auxiliary
sensors. Two deep adaptive nulls at £ = £15 cm occur as expected, and weak nulling occurs at
z = +10 cm, also as expected. The two deep nulls in the z = 0 cut are quantified in Figure 19,
where greater than 35 dB of interference nulling or pattern reduction occurs at £ = +15 cm. The
peak level at the focus is adjusted to 0 dB for both the quiescent and adaptive patterns. Two
weak adaptive nulls are in effect in the # = 0 radiation pattern cut shown in Figure 20; however,
weak nulls are desired in this cut due to temperature considerations, as shown in the next section.
The weak nulls in effect in the adaptive patterns reduce variation from the quiescent radiation
pattern. Finally. the transmit array weights before and after nulling and the covariance matrix
eigenvalues are shown in Figures 21 and 22. respectively. The adaptive transmit weights exhibit
a 5-dB dynamic range in Figure 21(a). There are two large eigenvalues and two weak (nonzero)
eigenvalues shown in Figure 22. These eigenvalues are directly associated with the two high-SNR
auxiliary sensors and the two weak-SNR auxiliary sensors. Note that the 0-dB level in Figure 22 is
equal to the noise level. The probe-array output power before and after adaptive nulling is 31.4 dB
and 0.9 dB. respectivelv. This difference in power before and after nulling means that the adaptive
cancellation is ~30.5 dB. The output file for the moment-method simulation of this section is given
in Appendix B.

bolus. A comparison of Sullivan's 110-MHz SAR simulation (Figure 5(a) of his paper) and the
results (at 120 MHz) presented in Figures 16 and 17 of this report indicate reasonable agreement
over the elliptical target region.
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Figure 18. Simulated two-dimensional adaptive radiation pattern at 120 MH: for eight-
element ring array in infinite homogeneous conducting medium (phantom muscle tissue:
¢, = 73.5.0c = 0.5). Radiation contour levels are given in 10-dB steps. Four auzxiliary
sensors are used 1n forming the adaptive pattern. The quiescent focus is at (0,0).
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Figure 19. Simulated one-dimensional quiescent and adaptive radiation patterns in the
2z = 0 cut at 120 MH: for eight-element ring array in infinite homogeneous conducting
medium (phantom muscle tissue: €, = 73.5,0 = 0.5). Four auxziliary sensors are used in
forming the adaptive pattern.
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Figure 20. Simuiated one-dimensional quiescent and adaptive radiation patterns in the
r = 0 cut at 120 MH: for eight-element ring array in infinite homogeneous conducting
medium (phantom muscle tissue: ¢, = 73.5,0 = 0.5). Four auziliary sensors are used in
forming the adaptive pattern.
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Figure 21.  Transmit array weights before and after adaptive nulling. A dynamic range
of about 5 dB is evident for the adaptive weights. Four auziliary sensors are used in the
adaptive process. (a) Amplitude: (b) Phase.
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Figure 22. Channel covariance matriz eigenvalues (degrees of freedom) used in the adap-
tive process with four auziliary sensors.

3.2 TEMPERATURE DISTRIBUTION IN ELLIPTICAL PHANTOM

In this section. the transient thermal analysis software is used to compute the temperature
distribution in an elliptical phantom surrounded with a constant-temperature water bolus. The
41 by 41 two-dimensional E-field radiation pattern data from the previous section are used as the
power source for the thermal node network. Two spacings of nodes are considered here: initially,
the node spacing Az = Az = Al = 1.905 cm (coarse grid) is used; tc check convergence, the node
spacing is then decreased by a factor of two to Al = 0.9525 cm (fine grid). The coarser spacing is
shown to be adequate.

3.2.1 1.905-cm Thermal Node Spacing

Note: the scale factors used to convert the normalized E-field distributions to a power level
that induces a 46°C peak temperature at ¢t = 20 minutes are 94.1 dB and 96.0 dB for the quiescent
and adaptive patterns. respectively. These scale factors are determined by trial and error. From
equations given in Section 2.3.2 and the parameter values in Table 1, all resistors in the phantom
muscle tissue had a value of 96.5°C/W and all resistors in the water bolus had a value of 87.2°C/W'.
The value of the capacitors in the phantom muscle tissue is 23.6 J/°C; values for capacitors in the
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water-bolus region are not used in the input to the transient thermal analysis software. Instead. a
constant temperature of 10°C is enforced at each water-bolus node “Witli & 41 by 41 grid. a total
of 3280 resistors and 1681 capacitors are used in the thermal simulation. The CPU time required
to compute the temperature distribution on a 41 by 41 grid is under four minutes.

Figure 23 shows the two-dimensional temperature distribution produced at timz ¢t = 20 min-
utes in the elliptical phantom muscle tissue target without adaptive nulling. To generate Figure 23,
the power svuurce used in the transient thermal analysis is the quiescent radiation pattern given in
Figure 14. The initial temperature (at time t = 0) is 25°C. Notice the occurrence of two hot spots
on the left and right sides of the elliptical phantom. The peak temperature on-focus is 46°C, which
is achieved by scaling the normalized quiescent E-field as described earlier. The two hot spots are
quantified in the = = 0 temperature pattern cut shown in Figure 24. While the peak temperature
at each hot spot in Figure 24 is only 41°C, the temperature profile for £ = 0 in Figure 25 shows no
hot spots. As any undesired hot spot is a potential source for compromising the therapy session,
adaptive nulling is used to reduce the sidelobes corresponding to the hot spots.

Figure 26 shows the simulated two-dimensional thermal distribution at time ¢t = 20 minutes,
with adaptive nulling at four auxiliary sensors in effect. The focal-spot diameter with adaptive
nulling is equivalent to the focal-spot diameter before adaptive nulling. Hot spots on the left and
right sides of the target are eliminated. A comparison of the temperature distribution before and
after nulling along the major axis (z = 0) of the target ellipse is made in Figure 27. Similarly, the
temperature distribution before and after nulling along the minor axis of the target ellipse is shown
in Figure 25.

3.2.2 Convergence Check: 0.9525-crm Thermal Node Spacing

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 by 41 grid. The ring array operates as before at 120 MHz, and there are
four auxiliary sensors laid out as shown in Figure 13. As the auxiliary positions are the same, the
adaptive weights and covariance matrix eigenvalues in Figures 21 and 22, respectively, remain the
same. From the parameter values in Table 1. all resistors in the finer-grid muscle-tissue phantom
had a value of 193.0°C’W and all resistors in the water bolus had a value of 174.4°C/W. The
value of the capacitors 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 and 78.4 dB. respectively. The finer-grid
two-dimensional thermal distributions before and after nulling are shown in Figures 29 and 30,
respectively. Although the temperature contours are smoother, the general agreement between
these patterns and the coarser-grid patterns in Figures 23 and 26 are evident. Similarly, one-
dimensional thermal pattern cuts with the finer grid are shown in Figures 31 (z axis) and 32 (z axis);
good agreement with the coarse-grid patterns (Figures 27 and 28) is observed. In particular, the
finer detail in Figure 31 shows that the hot spots are at a 42°C level compared to the 41°C level
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observed for the coarse grid (Figure 24). Thus. convergence of the coarse-grid thermal patterns is
demonstrated.
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Figure 28 Simulated two-dimensional thermal pattern at time t = 20 minutes be-

fore nulling in elliptical phantom muscle-tissue target surrounded with 10° C constant-
temperature water bolus. The incident RF power distribution, from Figure 14, is at
120 MF: Temperature contour levels are given in 2 C steps. Hot spots on the left
and right sides of the target are observed.
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Figure 24. Simulated one-dimensional (: = 0) thermal pattern at time t = 20 minutes
before nulling in elliptical phantom muscle-tissue target surrounded with 10° C constant-
temperature water bolus. The quiescent incident RF power distribution, from Figure 1/,
1s at 120 MH:. Hot spots on the left and right sides of the target are observed.
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Figure 25. Simulated one-dimensional (r = 0) thermal pattern at time t = 20 minutes
before nulling in elliptical phantom muscle-tissue target surrounded with 10° C constant-
temperature water bolus. The quiescent incident RF power distribution, from Figure 14,
is at 120 MHz. No undesired hot spots are present.
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Figure 26. Simulated two-dimensional thermal pattern at time t = 20 minutes (with
adaptive nulling at four auriliary sensors in effect) in elliptical phantom muscle-tissue
target surrounded with 10F C constant-temperature water bolus. The adapted incident RF
power distribution. from Figure 18, is at 120 MH:z. Temperature contour levels are given

in & C steps. Hot spots on the left and right sides of the target are eliminated.

45




172688-27

50 I T |
8-ELEMENT RING T(x,0)
120 MHz — BEFORE NULLING
FOCUSED AT (0,0) - == AFTER NULLING
40 | t=20min Taax = 46°C
4 AUXILIARIES
(
HoT- T Vot
P ' '
s SPOT | Srumorsme v, | SPOT
&~ 30— ) N o
w ' %
[+ o ,' '
=2 , '
= N '
< . '
: - :
a 20 |- . 1 —
= ' "
u 10°C (Constant) |} 25°C (Initial) 4 10°C (Constant)
WATERBOLUS P MUSCLE TISSUE WATER BOLUS
|a Py o5 g o |
" g D o
10 | -
I l
LEFT RIGHT
0 l | |
~40 -20 0 20 40

LINEARCUTOFY .S @2=0(cm)

Figure 27. Stimulated one-dimensional (z = 0) thermal patterns at time t = 20 minutes
before and after nulling in elliptical phantom muscle-tissue target surrounded with 10°C
constant-temperature water bolus. The quiescent incident RF power distribution, from
Figure 14, is at 120 MHz. Hot spots on the left and right sides of the target are clearly
eliminated by the adaptive nulling process. Four auriliary sensors are used in the adaptive

process.
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Figure 28 Simulated one-dimensional (z = 0) thermal patterns at time t = 20 minutes
before and after nulling in elliptical phantom muscle-tissue target surrounded with 10F C

constant-temperature water bolus.

The quiescent incident RF power distribution, from

Figure 14. is at 120 MHz. No undesired hot spots are present. Four auriliary sensors are
used in the adaptive process.
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Figure 29. E-field probe-sample-spacing convergence check for simulated two-dimensional
thermal pattern at time t = 20 minutes (before adaptive nulling) in elliptical phantom
muscle-tissue target surrounded with 10° C constant-temperature water bolus. The quies-
cent incident RF power distribution is at 120 MH:. Temperature contour levels are given
in 2 C steps. The grid spacing is one-half the spacing of that in Figure 25. Hot spots
on the left and right sides of the target are present, as previously observed for the coarser
probe-sample spacing.
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Figure 30. E-field probe-sample-spacing convergence check for simulated two-dimensional
thermal pattern at time t = 20 minutes (with adaptive nulling in effect) in elliptical
phantom muscle-tissue target surrounded with 10° C constant-temperature water bolus.
The adapted incident RF power distribution is at 120 MHz. Temperature contour levels
are given in 2 C steps. The grid spacing is one-half the spacing of that in Figure 26. Hot
spots on the left and right sides of the target are eliminated, as previously observed for the
coarser probe-sample spacing.
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Figure 31. E-field probe-sample-spacing convergence check for simulated one-dimensional
(z = 0) thermal patterns at time t = 20 minutes before and after nulling in elliptical phan-
tom muscle-tissue target surrounded with 10° C constant-temperature water bolus. The
quiescent incident RF power distribution is at 120 MHz with 0.9525-cm semple spacing.
Hot spots on the left and right sides of the target are eliminated by the adaptive nulling pro-

cess, as previously observed in Figure 27. Four auriliary sensors are used in the adaptive
process.
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Figure 32. E-field probe-sample-spacing convergence check for simulated one-dimensional
(r = 0) thermal patterns at time t = 20 minutes before and after nulling in elliptical phan-
tom muscle-tissue target surrounded with 10°F C constant-temperature water bolus.
quiescent incident RF power distribution is at 120 MH: with 0.9525-cm sample spac-
tng. No undesired hot spots are present. Four auriliary sensors are used in the adaptive

process.
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4. CONCLUSION

Focused near-field adaptive nulling has been applied to the problem of generating therapeutic
temperature distributions, free of undesired hot spots, for deep-regional cancer treatment in a target
body. A noninvasive adaptive hyperthermia system concept has been described and is analyzed in
detail. Auxiliary short-dipole nulling sensors are positioned on the surface of the target. Due to
the finite width of an electric-field null, a null forried at the target surface extends into the interior
region of the target. When the width of the null is properly chosen, undesired hot spots inside
the target are eliminated while simultaneously focusing on a deep-seated tumor. The resolution
between a deep null and focus is limited by the half-power beamwidth of the hyperthermia array.
The resolution can be somewhat enhanced by using weak nulls whenever the spacing between the
null and focus is less than one half-power beamwidth. The depth of null is controlled by the SNR
at the auxiliary probe position.

A theory for analvzing adaptive nulling with a phased array in an infinite homogeneous
conducting medium has been developed. The method of moments is used to compute the electric
field at a short-dipole sensor due to a thin-wire dipole ring array. The SMI algorithm is used to
adaptively control the transmit array weights and to form radiation pattern nulls. The method used
for analvzing the transient thermal behavior of an RF-illuminated target by using an equivalent
electric circuit network has been described.

Computer simulations of the electric field and induced temperature distribution for an eight-
element dipole ring array at 120 MHz have been presented. Four auxiliary E-field short-dipole
sensors are used in eliminating two widely separated hot spots surrounding the array focus at the
center of an elliptical target with dimensions 30 cm by 20 cm. Calculated data indicate that si-
multaneous nulling and focusing can yield desirable electric-field distributions for hyperthermia.
Undesired hot spots controlled with an insufficient number of auxiliary nulling probes have been
shown to simply redistribute within the target. Thus, an adequate number of auxiliary probes
must be provided to ensure that no undesired hot spots are formed in deep-regional hyperther-
mia therapv. Although the computer simulations are implemented for a phantom target, adaptive
nulling may prove beneficial in clinical trials of hyperthermia with living targets. Further adaptive-
nulling simulations with inhomogeneous targets are desirable, as are experimental measurements of
adaptive hyperthermia in phantom targets. A study of proper number and positioning of the non-
invasive sensors for treating arbitrary tumor positions needs to be performed. The adaptive-nulling
technique described here should be applicable to both invasive and noninvasive RF hyperthermia
systems. as well as ultrasound hyperthermia systems.
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APPENDIX A

SYSTEM DEGRADATION DUE TO INSUFFICIENT NUMBER OF
AUXILIARY PROBES

This section shows simulation results which indicate that an insufficient number of auxiliary
nulling probes will degrade adaptive hyperthermia system performance. The simulation parameters
are the same as presented in Section 3. except only two auxiliary probes (N,,, = 2) are used to
form nulls at the surface of the elliptical muscle-tissue target. The geometry used in the simulations
is shown in Figure A-1. A 60-cm diameter ring array of eight dipoles uniformly surround a fictitious
elliptical target zone with major axis 30 cm and minor axis 20 cm. The length of each perfectly
conducting center-fed dipole array element, at 120 MHz in the infinite homogeneous muscle tissue,
is A/2 or 13.25 cm. The array focus is assumed to be at the origin, and two auxiliary short-
dipole sensors with length 1.27 cm are positioned at (15 ¢cm, 0) and (—15 cm,