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Concentric-Ring and Sector-Vortex
Phased-Array Applicators for
Ultrasound Hyperthermia

CHARLES A. CAIN, SENIOR MEMBER, IEEE, AND SHIN-ICHIRO UMEMURA

Abstract —Concentric-ring phased arrays subdivided into sectors (radial
slices) can, with appropriate phasing, produce power absorption patterns
useful for hyperthermia cancer therapy. The ability of a concentric-ring
array to move a focal region along the central axis of the transducer is well
known. Less well known is the ability of such an array to produce variable
diameter annular (or ring) focal regions. Such focal rings can be effective
in heating some tumors if directed around the tumor periphery. These focal
rings have been produced in the past by fixed annular focus lenses, or
effectively by mechanical scanning of “point” focus ultrasonic transducers.
Production of these focal rings by a concentric-ring phased array has the
advantage of allowing the focal ring diameter and focal length to be easily
changed and scanned by phasing providing much greater heating flexibility.
However, under some conditions such arrays produce very large secondary
focus effects along the central axis of the array. Concentric-ring arrays can
also provide only patterns of circular symmetry. These problems can be
partially solved by dividing the disk of the array into sectors. By ap-
propriate phasing of the sectors, the intensity along the central axis can be
greatly reduced. Moreover, appropriate phasing of the rings and sectors
can produce patterns that are circularly asymmetric. By controlling these
asymmetries, nonspherical tumors can be heated more optimally. Power
absorption patterns in lossy media for this class of applicators are analyzed
numerically allowing a quantitative evaluation of both advantages and
limitations of this approach. A thermal model based on the bioheat
equation is also used to predict temperature distributions in volumes where
important thermal parameters, particularly blood flow, are varied.

I. INTRODUCTION

HE PRIMARY task of any hyperthermia applicator
Tshould be to raise the temperature throughout a tumor
volume above some minimum therapeutic temperature.
This should be accomplished while maintaining the maxi-
mum temperatures in normal tissue and in the tumor below
acceptable values usually determined by thresholds for
normal tissue damage and pain, respectively. For a given
set of anatomical and physiological parameters, there may
be a range of power deposition patterns that will result in
appropriate temperature distributions within the treatment
volume. The range of the set of acceptable power deposi-
tion patterns may change significantly during treatment,
particularly due to changes in blood flow. The ability to
adapt quickly to such changes is a major advantage of the
use of phased arrays in hyperthermia applicator design.
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Phased array applicators based on ultrasonic [1]-{3] and
electromagnetic [4]-[6] heating have been studied. In this
paper, a new class of ultrasonic phased-array applicators is
investigated.

It has been well established on theoretical, as well as
experimental grounds, that energy deposition around the
periphery of moderately perfused tumors results in more
uniform tumor temperature distributions than that pro-
duced by uniform power deposition within the tumor
volume [7]-[9]. This mode of heating could be achieved by
one of several techniques, such as aiming several focused
transducers at points around the periphery [10], scanning a
spot focus around the periphery by mechanical [7] or
electrical [1]-[4] means, or using a specially designed lens
with an annular or ring-shaped focus [9], [11].

The major disadvantage of fixed-lens annular-focus
transducers is the inflexibility of such systems resulting
from the fixed diameter and focal length of the heating
annulus. Mechanical scanning of fixed, single-focus appli-
cators offers greater flexibility, however, such systems are
cumbersome and not fast enough to prevent significant
temporal variations in temperature (thermal ripple). Elec-
trical scanning of a spot focus using two-dimensional
phased arrays, stacked linear-phased arrays [1], [2], or
tapered linear-phased arrays [3], has the advantage of
speed and flexibility but suffers from the need for many
elements to prevent significant grating lobe formation re-
sulting from the large scan angles required in such systems
[1].

The phased-array applicator system proposed herein
synthesizes an annular focal region directly without the
added complexity of first synthesizing a spot and then
scanning it in a circular path to obtain the desired heating
pattern. The applicator is similar to axial focus concentric-
ring transducers used for dynamic focusing in diagnostic
imaging systems [12] or therapeutic hyperthermia [13], [14].
However, the phasing of the rings can be adjusted to
synthesize variable diameter focal annuli at a depth that
also can be scanned electrically. Thus, heating rings that
can be rapidly scanned in diameter and focal length are
obtained using far fewer elements and associated driving
hardware.

There are, however, several disadvantages of the con-
centric-ring applicator system for hyperthermia. Only focal
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regions of circular symmetry can be synthesized. Moreover,
the applicator generates the strong secondary focus along
the central axis first described by Beard et al. [9]. This
problem becomes particularly severe when small annuli at
depth are required. A partial solution to this problem can
be obtained by dividing the concentric-ring applicator into
sectors (pie slices) and by appropriate phasing of the
sectors. If the sectors are driven by a “wave” of the form
e/l ¢ then it will be shown that an annular focus of
small radius is produced when ¢(8) = m8 where m is an
integer and @ is the angular position around the circular
array. Moreover, because of symmetry considerations, the
intensity along the central axis is theoretically zero. By
certain other choices for ¢(#), one can obtain a form of
spatial frequency modulation around the array which, as
will be demonstrated, produces circularly asymmetric “en-
longated ring” focal regions. Because this form of phasing
produces the equivalent of a rotating excitation wave on
the face of the transducer with the resultant cyclone-shaped
focal region, it is referred to henceforth as a “sector-vortex”
applicator. Both the concentric-ring and sector-vortex ap-
plicators are analyzed in what follows.

II. ARRAY DESCRIPTIONS

A. Concentric-Ring Array

A concentric-ring array is illustrated in Fig. 1. The array
consists of N rings each of width d. The distance from the
center of each ring to the array center is given by ry,
k=1,2,---,N. Each ring is driven by a continuous
sinusoidal signal with phase ¢, with respect to the source
or reference oscillator. Fig. 1(a) shows one possible config-
uration where a separate power amplifier drives each ring
with a signal, which has been appropriately phase-shifted.
In this paper, the amplifier gains 4, are all assumed to be
equal. The phase shifts ¢, could be generated digitally
using n-bit programmable counters assuming that the in-
put driving frequency is nw, where w,, is the desired output
frequency [15].

To generate an annular focal region, it is necessary to
achieve a proper phase distribution ¢, over the set of array
rings. If the desired heating annulus has a focal length F
and a radius R from the center of the focal plane (see Fig.
1(b)), and if contributions from only the proximal half of
the array are considered, then simple geometric arguments
give the required phase distribution ¢, as

w,|F2+(R - kd)*

c

=

(1)

where w, is the frequency of the source oscillator and ¢ is
the speed of sound in the medium to be heated. If d is
made arbitrarily small and the diameter of the array re-
mains fixed, then the criterion given by (1) results in
production of the same annular focal regions produced by
fixed lens systems. The assumption of arbitrarily small ring
width is made in the work which follows.

543

:
2= [P e ir-k0?]®

FoCus

Schematic of concentric-ring array. (a) Top view. (b) Cross
section through 4A4’.

Fig. 1.

TOP VIEW

(b)
Fig. 2. Schematic of sector-vortex array. (a) Top view. (b) Edge view.

B. Sector-Vortex Array

The sector-vortex array consists of a transducer disk of
radius r; divided into N sectors of equal size as illustrated
in Fig. 2(a). Unless otherwise specified, it is assumed herein
that the segmented disk is associated with a concave-con-
verging acoustic lens of radius r,, and focal length Z, (Fig.
2(b)). In some applications, it is desirable to remove the
array center to a radius r, creating a doughnut-shaped
applicator with geometric focusing.

A cylindrical coordinate system (7, ) on the applicator
and (R,¥) in the focal plane, is assumed. The phase
distribution ¢, over the N sectors is given by

¢, =m[6,+B(6,)] )
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for i=1,2,---, N where m is the vortex mode number,
0 =i2a/N, and B(8) is a phase modulation function, the
significance of which will become apparent. From symme-
try constderations, it is seen that a transducer so phased
will always produce zero intensity along the central axis, a
useful consideration for some hyperthermia applications.

The complex amplitude of the driving signal for the i-th
element can be written as

A(6,) = A, exp j{m[0,+B(6,)] - v, ©)

where A, is a constant. The phase distribution over the N
sectors is such that an excitation field rotates around the
disk at a phase velocity w, where

%l Loy 4)
W= 28 B(6) (
and w, is the angular frequency of the driving signals.

An approximate analytic expression for the acoustic
field B in the focal plane can be derived for the simplified
case without modulation (8=0) when N is sufficiently
large (N >4m), and where the array center has been
removed to the radius r,. Assuming the geometry of Fig. 2,
the acoustic field is

B =[:1_/02WA(0)expj[kfrcos(0 - ‘I’)]rdﬁdr

7r
=Aoexpj[m(‘1'+ 5)—wt]

./rlfhexpj(mﬂ —k,r sin8)rdf dr

=274 expj [m(‘l’ + -721) - wt]frl.lm(kfr)rdr (5)

o

where k= kR /Z,. Equation (5) can be approximated by

B= Aoexpj[m(‘l’ + g) - wt}w(rf — 12} (kry) (6)
where

2ri-r?

r_ o
2T 3 2
3rf—r;

Equation (6) shows that the field has a shape determined
by the mth order Bessel function. Thus, the vortex-shaped
field is zero along the central axis for m# 0 and has a
diameter proportional to the vortex mode m (and phase
velocity w),).

When f is nonzero, a form of spatial frequency modula-
tion exists around the transducer disk. Numerical compu-
tations of the fields produced in the focal plane with this
form of phasing shows that, for certain phase modulation
functions B, the focal annuli are enlongated along one axis
producing heating patterns that are ellipsoidal shaped.
Factors determining optimum choice of both m and B(4)
are currently being studied. Some typical field patterns will
be shown herein.
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Fig. 3. Geometry of cylindrical model used for thermal calculations. A

half-cylinder cross section is shown.

III. METHODS

A. Computation of Ultrasonic Field Patterns

The transducer surface is numerically subdivided into
discrete elements with element centers separated by less
than A /4. All transducers studied herein have circular
symmetry, thus the separation procedure is to divide the
applicator first into concentric rings with each ring seg-
mented by appropriate circumferential divisions. Each dis-
crete element is assigned a complex drive amplitude
according to the phasing conditions of the particular appli-
cator under study. The acoustic field is then computed at
appropriate grid points in the plane of interest by summing
the complex amplitudes for all discrete transducer elements
as modified by attenuative propagation from element point
to grid point. Attenuation is assumed to be 1 dB/cm,/MHz.
This simple numerical approach, while inefficient on con-
ventional computers, results in computed field patterns in
reasonable times when implemented on a machine capable
of rapid parallel processing (HITAC S-810, Hitachi, LTD.).

B. Thermal Modeling

To simulate the thermal response of tumors to the an-
nular-shaped focal regions produced by the applicators
discussed herein, a finite difference technique was used to
solve the bioheat equation in two-dimensional (r, z) cylin-
drical coordinates using the geometry illustrated in Fig. 3.
In the steady state neglecting metabolic heat generation,
the appropriate bioheat equation [16] in cylindrical coordi-
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nates is
3T 10T T q Wy,
— et ——t =+ —(T,-T)=0 (7
w* rdr 9z K K (7, ) ()

where K is the thermal conductivity (W /m/°C), T is the
tissue temperature (°C) at coordinates (r,z), W, is the
blood perfusion rate (Kg/m’/s), c, is the blood specific
heat (J/Kg/°C), T, is the arterial blood temperature, and
g is the power deposition [W/m’] at coordinates (r, z).
The output of the ultrasonie field pattern program q(r, z)
is the input to the finite difference form of (7), which is
then solved using the method of successive displacements
with over-relaxation [17].

The thermal properties and dimensions of the normal
and tumor tissues used in the computations are modified
from Roemer et al. [16]. A surface temperature of 25°C
and a temperature along the bottom surface and outer
sides of the cylindrical model of 37°C served as boundary
conditions for all computations. W,, for all normal tissue,
was assumed to be 8.3 Kg/m®/s. Tumor blood flows and
tumor dimensions are specified where the numerical solu-
tions of (7) are given.

IV. RESULTS

In what follows, an operating frequency of 0.5 MHz is
assumed. Tissue attenuation in all computations was 1
dB/cm/MHz. Aperture Ttinigs were assumed to be sep-
arated (center to center) by less than A /4.

A. Concentric-Ring Array

Field patterns were computed for a concentric-ring ap-
plicator with an aperture diameter of 12 em, a focal ring
diameter of 6 cm, and a focal length of 8 cm. Fig. 4
illustrates the field intensities in six different planes (trans-
verse planes) parallel to the aperture plane. In the focal
plane (z = 8 cm), a well-behaved focal annulus is generated

which would produce minimal power absorption outside

the heating annulus. In a plane intermediate between the
aperture and the focal plane (z = 4 cm), the peak intensity
of the annulus decreases and the annular width is broadened
giving a somewhat cone-shaped heating pattern. In planes
distal to the focal plane, the peak intensity of the annulus
decreases rapidly and the secondary on-axis “focus” in-
creases until it eventually exceeds the peak intensity of the
focal plane annulus. This behavior is illustrated more
quantitatively in Fig. 5 which gives in the primary longitu-
dinal plane both a contour plot (Fig. 5(a)) and a three-
dimensional “bird’s eye” view (Fig. 5(e)) of the field in-
tensities. Fig. 5(b) shows the “longitudinal maximum
projection” (maximum intensity to be found along the
appropriate transverse line.) This shows clearly how the
secondary focus intensity exceeds the peak intensity of the
focal plane annulus. Fig. 5(c) shows the projection of the

focal plane intensity while Fig. 5(d) shows the “transverse.

maximum projection.” These projections (Figs. 5(b), (c),
and (d)) are normalized to-the absolute peak intensity
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Z=120

Z=160

Z =200

Fig. 4. Concentric-ring applicator intensity patterns in six transversé
planes. All intensities shown -are normalized to the maximum intensity
produced by this configuration. Applicator diameter is-12 cm, focal
diameter is 6 cm, and the focal plane is'8 em from the aperture plane.

which is located in the secondary focal region about 18 cm
from the aperture surface.

It is obvious from Figs. 4 and 5 that the secondary focus
may produce a “hot-spot” sufficiently intense to be of

“concern in some hyperthermia applications, particularly if

bone is distal to the tumor. However, this region is. quite
narrow and may produce acceptably low peak tempera-
tures in regions of normal blood perfusion (discussed later).
The secondary focus also can be significantly reduced by

several phasing techniques. As first discussed by Beard ez

al. [9], if the outer edge of a fixed lens annular focus
transducer is masked by absorbing rubber, the intensity of
the secondary focus is significantly reduced. This . is il- .
lustrated in Fig. 6 which shows field intensities with the
same phasing as in Figs. 4 and 5 except that the outer
transducer rings (beyond a radius of 4.5 cm) are unexcited.
This is equivalent to an absorbing masking ring with a 1.5
cm width. Note (Fig. 6) that the intensity of the secondary -
focus along the entire primary axis is reduced and spread
out in space as compared to the nontruncated applicator
(Figs. 4 and 5). Moreover, outer edge truncation also
changes the shape of the “heating cone” proximal to the
focal plane producing a more cylindrical and less-cone-
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Fig. 5. Concentric-ring applicator intensity patterns. (a) Contour plot
with contour increments of 5 dB. (b) Longitudinal projection of the
maximum intensity. (¢) Projection of intensity in the focal plane. (d)
Transverse projection of maximum intensity. (¢) “Bird’s eye” view.

shaped heating region. The enlongated focal region may
allow some tumors to be heated with a minimum of
scanning of the focal plane depth. On the other hand, this
heating shape may present surface heating problems in
some applications.

Fig. 7 shows in more quantitative form the field patterns
for the truncated or “masked” applicator. In particular,
Figs. 7(b), (c), (d), and (e) illustrate the reduction in the
intensity of the secondary focal region. Comparison of the
“bird’s eye” views of Fig. 5(e) and Fig. 7(e) shows clearly
the spreading out of the secondary focus caused by trunca-
tion and the change in shape of the heating region near the
applicator surface. ,

Another technique has been developed to reduce. and
spread out in space the energy directed along the primary
axis. This can be accomplished by the séctor-vortex appli-
cator (Fig. 2) in combination with the concentric-ring
applicator. This combination will be considered after the
following section on sector-vortex applicators.

The concentric-ring array offers considerable flexibility
in providing heating annuli which can be scanned in diam-
eter and in focal length. Thus, when a larger tumor is
heated, the periphery as well as the interior can be treated
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Fig. 6. Truncated or “masked” concentric-ring applicator (see text)
intensity patterns in six transverse planes. Applicator diameter is 9 cm,
focal diameter is 6 c¢m, and the focal plane is 8 cm for the aperture
plane.

with a scanning pattern tailored to maintain a therapeutic
temperature throughout the tumor volume. A limit, how-
ever, is reached for small diameter regions. If an annulus of
small diameter is attempted by the concentric-ring method,
one rapidly approaches a pattern that is simply a single-
focus transducer, i.e., the “secondary” focus predominates.
This can be seen by observing the form of (1) as R
approaches zero it approaches the phase distribution
¢, necessary to generate a single focal region. However, the
generation of small diameter focal regions can be accom-
plished by the sector-vortex array, the topic of the next
section.

B. Sector-Vortex Array

An array was studied with the structure given in Fig. 2
with the phasing given by (2). If 8(8) of (2) is set to zero,
then intensity patterns from the array will have circular
symmetry. Fig. 8 shows the intensity patterns in four
planes (z =4, 8, 12, and 16 cm) for four different vortex
modes (m = 0,4,8,12). The aperture diameter is assumed -
to be 12 cm. The central disk of diameter 4 cm is unexcited
resulting in a central hole (doughnut-shaped applicator).
The fixed (or concentric ring-phased array) lens has a focal
length of 8 cm with focal radius equal to zero (single
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Fig. 7. Truncated concentric-ring applicator intensity patterns. (a) Con-
tour plot (5-dB increments). (b) Longitudinal maximum intensity projec-
tion. (¢) Projection of focal plane intensity. (d) Transverse maximum
intensity projection. (¢) “Bird’s eye” view.

(d

Fig. 8. Sector-vortex applicator intensity patterns in four transverse ‘
planes. (a) m = 0. (b) m=4. (c) m = 8. (d) m =12. Applicator diameter
is 12 cm and the focal plane is 8 cm from the aperture plane.

(b) ©

focus). By creating the rotating excitation field (m # 0),
small diameter annuli are created as shown in Fig. 8. When
m =0, this is equivalent to a single focus transducer with
the pattern in Fig. 8(a). As the vortex mode increases, the
diameter of the generated annuli also increases as predicted
by the approximate analytical expression given by (6). An
interesting and useful feature of the patterns for nonzero
vortex mode is that the central axis intensity is everywhere
zero. The resulting pattern resembles a “double-funnel”
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Fig. 9. Sector-vortex intensity pattern for m = 8. (a) Contour plot (5-dB
increments). (b) Longitudinal maximum intensity projection. (c) Projec-
tion of focal plane intensity. (d) Transverse maximum intensity projec-
tion. () “Bird’s eye” view. Applicator diameter is 12 cm and the focal
plane is 8 cm from the aperture plane.

with the peak intensity occurring at the point of maximum
constriction or minimum diameter. :

Fig. 9(a) gives the contour plot for the applicator of Fig.
8(c) (m = 8). Note the well-behaved intensity pattern in the
focal plane (Fig. 9(c)). Fig. 9(b) also shows that the maxi-
mum projection along the axial direction is also well-
behaved with the peak intensity occurring very near the
focal plane. The “double-funnel” vortex-shaped field is
illustrated in Fig. 9(e).

If B(6) of (2) is nonzero, then we have asserted that an
elongated annular heating field pattern can be generated.
Fig. 10(a) shows the intensity in the focal plane (z =8 cm)
with a sector-vortex applicator physically identical to that

" which produced the patterns of Figs. 8 and 9. Only the

phasing has been changed, such that the phase distribution
is - :

0.3 '
Here the vortex mode m is 8 and the phase modulation

function B(8)is nonzero. Fig. 10(b) shows the contour plot
in the focal plane along with appropriate maximum inten-
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Fig. 10. Sector-vortex intensity patterns for m =8 with phase modula-

tion (see text). (a) Intensity pattern in the focal plane. (b) Contour plot

(5-dB increments) in the focal plane. Aperture diameter is 12 cm, focal
length is 8 cm, and ¢(8) =8(8 +(0.3/2) sin28).

Z2=120

Z=160

2=200

Fig. 11. Combined concentric-ring and sector-vortex applicator inten-
sity patterns in six transverse planes. Applicator diameter is 12 cm, focal
diameter 1s 6 cm, and the focal plane is 8 cm from the aperture. Vortex
mode is four (m = 4).
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Fig. 12. Combined applicator intensity patterns. (a) Contour plot (5-dB
increments). (b) Longitudinal projection of maximum intensity. (c)
Projection of focal plane intensity. (d) Transverse maximum intensity
projection. (e) “Bird’s eye” view.

sity projection curves. Such a pattern might be useful for
treating nonspherical tumors.

Thus, with a combination of sector-vortex and con-
centric-tring arrays, a wide range of heating annuli diame-
ters can be generated. One application of the combined
array is illustrated in the next section.

C. Combined Array

A combined array having an aperture diameter of 12 cm
with vortex mode m =4 and phase modulation B(6)=10
gives an intensity pattern illustrated in six serial planes in
Fig. 11. The intensity along the primary axis is reduced to
zero. The energy, highly concentrated along the axis for
concentric-ring arrays, is effectively spread out over a
larger volume in the combined mode of operation. Fig.
12(a) shows the contour plot of this applicator. Compari-
son of Fig. 12(b) to Fig. 5(b) shows that the peak intensity
in a direction perpendicular to the array surface occurs
near the focal plane in the combined array, but is in the
secondary focal region for the concentric-ring array. This is
a considerable improvement that only slightly affects the
intensity in the focal plane (compare Fig. 5(c¢) to Fig.
12(c)). The spreading out of the energy in the secondary
focus is illustrated in the “bird’s eye” view of Fig. 12(e).

D. Thermal Modeling

Physical dimensions of the tumor model are shown in
Fig. 13. Blood flow in tumor layer 1 and all normal tissue
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Fig. 13. Physical dimensions of the tumor model used in numerical
computations.
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Fig. 14. Temperature distributions for zero tumor blood perfusion as-
suming a concentric-ring applicator with intensity pattern shown in Figs.
4 and 5. (a) Contour plot (1.0°C contour increments). (b) Longitudinal
maximum temperature projection. (c) Projection of focal plane tempera-
ture. (d) Transverse maximum temperature projection. (¢) “Bird’s eye”
view of temperature.

was defined to be 8.3 Kg/m®/s with the middle tumor
layer being 2/3 this. value (layer 2). Blood flow in the
tumor core was assumed to be 1/3 that of normal tissue.
In some computations, the blood perfusion values in all
three regions are scaled by a constant factor varying from
zero to unity. The peak rate of power absorption was
6.4x10°> W /m’. Temperatures were computed for the
concentric-ring array which produced the intensity pattern
illustrated in Figs. 4 and 5.

With zero blood flow in the tumor (scaling factor = 0)
the annular intensity pattern of Figs. 4 and 5 results in a
computed temperature distribution shown in Fig. 14. Thus,
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Fig. 15. Tumor temperature contour plots-as a function of tumor blood
perfusion. (a) Tumor blood perfusion scaling factor = 0.125. (b) 0.250.
(c) 0.50. (d) 1.0. (See text for explanation; see Fig. 14 for explanation of
panels a—d.)
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for poorly perfused tumors, a single annular pattern is
sufficient to heat relatively uniformiy a significant volume.
Note also from Fig. 14(b) that the temperature along the
axial direction is not as uniform as in the transverse
direction. This may indicate that scanning of the focal
length may sometimes be necessary. Also, it should be
noted that the temperature in the secondary focal region
beyond the focal plane is negligible due to the blood flow
of normal tissue in that region and the narrow width of the
secondary focus.

Fig. 15 illustrates the effect of increasing tumor blood
flow (variation in tumor blood perfusion scaling factor
from 0.125 to 1.0). Comparison of Fig. 15(a) and Fig. 14
illustrates clearly the difference that even moderate blood
flow can make in temperature distributions. As the blood
perfusion scaling factor increases to unity (Figs. 15(b), (c),
and (d)), the maximum tumor temperature (for the same
power input) decreases dramatically along with the shape
of the temperature distribution. Clearly, for highly per-
fused tumors, a single annular heating region is insufficient
to produce acceptable therapeutic temperature distribu-
tions. Scanning of the heating annulus diameter, however,
would allow the cooled central region to be heated. Signifi-
cantly more power input also would be required.

V. DiscussiON

The concentric ring array can produce useful annular
heating patterns with diameters ranging from approxi-
mately 0.25D to about 0.8D where D is the applicator
diameter. Moreover these annuli can be scanned in diame-
ter and focal length for additional heating flexibility. Un-
fortunately, this type of applicator generates a strong sec-
ondary focus along the central axis. This secondary focus,
first described by Beard ez al. [9] for the fixed lens case,
can become quite intense (see Fig. 5). Several methods are
possible for reducing this central hot spot. Beard et al.
pointed out that “masking” the annular focus transducer
along the outer rim with absorbing rubber reduces the
secondary focus considerably. This “masking,” which re-
sults in balancing of field contributions from the center
with those from the edge of the applicator, is easily accom-
plished with appropriate phasing producing the results
shown in Fig. 6. Another method to reduce the central hot
spot is to combine the concentric-ring and sector-vortex
arrays. This theoretically reduces the intensity along the
control axis to zero. In effect, the energy of the secondary
focus is spread out over a much larger volume (see Fig. 11),
reducing the probability of producing unwanted hot spots
which might damage normal tissue.

The sector-vortex array, in conjunction with geometric
focusing, produces useful annular patterns at depth with
diameters ranging from zero (single focus transducer) to
approximately 0.4D, thus overlapping and extending to
smaller diameters the range of the concentric-ring array.
The sector-vortex array with a fixed (geometric) focus lens
is a particularly uncomplicated structure. Although it has a
fixed focal length, the depth of focus of the focal region is
large (see Fig. 8) and only several such applicators with
different fixed focal length lenses might be capable of
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heating both superficial and deep-seated tumors. If the
fixed lens is replaced by a concentric-ring array for chang-
ing the focal length by phasing, the versatile two-dimen-
sional sector-ring array results at the cost of more elements
and associated driving electronics.

Two approaches to ultrasound-phased array applicator
design are currently being studied. Both the “direct synthe-
sis” and the “scanning spot” approaches are capable of
generating a wide range of useful heating patterns which
can be rapidly changed in response to a rapidly changing
thermal environment. In the scanning spot approach, the
tissue is effectively heated by a high peak-intensity low
duty-cycle acoustic waveform while the direct synthesis
approach heats with a continuous wave signal that may
vary only slowly in intensity over time. Thus, if nonthermal
biological effects of the ultrasound exposure are to be
considered (cavitation, etc.), these two approaches may
produce identical temperature elevations with quite differ-
ent thresholds for observation of the biological effects of
nonthermal phenomena. In addition, safety considerations
between the two methods may be of importance. In the
case of the scanning spot approach, a fail-safe mechanism
to prevent possible exposure to a static highly intense focal
spot would be necessary. In the direct synthesis approach,
this potentially dangerous situation is much less likely to
occur.

Several areas can be identified where further work on
these types of phased arrays may prove fruitful. The gener-
ation of heating patterns of noncircular symmetry is possi-
ble by modulating the phase velocity of the excitation field
that rotates around the sector-vortex array (see Fig. 10).
However, more work needs to be done to establish quanti-
tative methods for obtaining appropriate phase modulation
functions B(8) of (2) for different heating situations. More
work also needs to be done to determine the minimum
number of elements that will give adequate heating perfor-
mance for different treatment situations. A prototype sys-
tem currently being implemented may help answer some of
these questions. The possibility of using phase and ampli-
tude conjugation techniques for focusing in dissipative
media, as suggested for use in microwave-phased array
applicators [5], [18], should also be explored. And finally,
although all of these array concepts have been discussed in
the context of ultrasound hyperthermia applicators, some
of the ideas might be usefully applied to the design of
microwave arrays, particularly if suitable radiating ele-
ments can be designed to emulate the rings and sectors
described herein.

VL

The concentric-ring-and sector-vortex-phased arrays are
two new approaches to applicator design capable of gener-
ating directly annular-shaped heating patterns of the type,
which on occasion, have been found to be useful in hyper-
thermia cancer therapy. In both types of arrays, the diame-
ter of the annular pattern can be rapidly scanned by
changing the drive signal phase distribution of the array
elements. This flexibility will allow real-time response to
rapidly changing tumor thermal parameters during treat-

CONCLUSION
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ment. The sector-vortex array will be useful for treatmg
smaller volumes where the concentric-ring array is ineffec-
tive. Larger diameter annular heating patterns can be gen-
erated by the concentric-ring array. A combination ring-
sector applicator would be capable of generating useful
heating patterns over a wide range of treatment situations.
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