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Abstract— The design of phased arrays for transrectal
ultrasound therapy of the prostate presents significant
challenges due to anatomical constraints on the size
and shape of the probe. To maximize the array
performance under these constraints, the effect of
array geometry was examined theoretically. Studies
were conducted on spherical segment, cylindrical,
and curved cylindrical arrays. Fields were computed
by dividing the array elements into many point
sources. The effectiveness of various configurations
was evaluated by defining a parameter, G, as the ratio
of the intensity at the desired focus to the maximum
intensity of any unwanted lobes.

[. INTRODUCTION

In recent years, there has been a rise in interest in
the use of high intensity focused ultrasound (HIFU)
for thermal therapy of the prostate [1]-[2]. In current
devices, a single spherically curved transducer with a
fixed focal length is employed. In this theoretical
study, phased array systems were investigated in
order to decrease treatment times by reducing the
need for mechanical scanning, and avoiding
transducer replacement and repositioning [3]. The
intent was to determine an optimal phased array
configuration in terms of using the fewest elements
while producing acceptable ultrasonic fields and
flexible focusing capability.

Transrectal application of ultrasound provides an
adequate acoustic window while minimizing the
amount of intervening tissue (Fig. 1).  Higher
frequency ultrasound can thus be applied, increasing
the ultrasonic absorption coefficient to produce more
efficient heating.

II. METHODS

The pressure fields were calculated using the
point radiator method [4], which divides the active
array surface into subelements approximating point
radiators. The total pressure at a given point in the
field is the sum of the complex pressures contributed
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Fig. 1. Diagram of transrectal HIFU applicator

by each active subelement across the entire surface of
the array, taking into account the relative phase of the
signal applied to the transducer element to which the

subelement belongs:
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where the summation is over the entire active surface
of the array, p (x,y,z) is the total acoustic pressure at
the point (x,y,z), p is the density and c is the speed of
sound of the loading medium, k is the acoustic
propagation constant, Uy is the velocity amplitude of
the surface of the source in m/s (calculated from
Up=(2Iy/pc)"?, where I, = 10000 W/m®), AA is the
area of the subelement, ow is the attenuation
coefficient in water, Ry is the distance that the beam
traveled through water, or is the attenuation
coefficient in tissue, Ry is the distance that the beam
traveled through tissue, and Rty = Ry + Ry is the
total distance that the beam traveled along the straight
line from source subelement to field point. The
simulations were carried out at a frequency of 4 MHz.
For a given array configuration, the pressure field
was calculated for the focus steered to the anticipated
extremes of the treatment region, -15 mm in the y
(lengthwise) or =z (depth) directions. Array
performance was assessed by first calculating the
acoustic intensity at each field point, using the



equation I = p’/2pc, and then finding the ratio of
intensity at the focus to the intensity of the largest
unwanted lobe, which was termed G:

G = Ifocus/ Imax,unwanted (2)
Examples of calculated intensity fields are shown
below in Fig. 2.
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Fig. 2. Example intensity fields for arrays steered
-15 mm in the y (top) and z (bottom) directions.
An undesired lobe is seen in the top figure.

Truncated Spherical Annular (TSA) Array

The truncated spherical annular (TSA) array
consisted of a spherical shell transducer, truncated at
the sides to a width of 22 mm to allow passage into
the rectal cavity and divided into annular elements
with gaps (1/2 A wide) between annuli (Fig. 3). The
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Fig 3. Side (top) and front view of TSA array.

central region of the array was left empty for an
imaging transducer. A similar array configuration
was previously studied by Chapelon et al. [5].

In this case, only steering of the focus in depth (z
direction) was studied.

Truncated Spherical Linear (TSL) Array

The truncated spherical linear (TSL) array had an
overall geometry identical to the TSA array, but with
linear elements along the y direction with gaps (1/2 A
wide) between elements (Fig. 4). Each linear element
was also subdivided into 6 subelements in the x
direction to improve performance. A similar array
was studied by Curiel et al [6].

Cylindrical Array

The cylindrical transducer array had a width of 22
mm to allow access through the rectum, and the
length was varied from 40 mm to 60 mm (Fig. 5).
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Fig. 4. Frontview of TSL array.

i

Origin ‘Ty
X

TISSUE:

T

35 mm
: : : : =1 Radius of
Transducer - Interelement Curvature
Elements Gaps : (45_ m)

WATER

s I T

Subdivisions\ S? /

! Length !

10 mm

Fig. 5. Diagram of cylindrical array.

Curved Cylindrical (CC) Array

The TSL and cylindrical array configurations
represented opposite extremes of a geometric and
performance spectrum. The curved cylindrical array,
which consisted of a cylindrical array to which a
variable curvature was applied along its length, was
devised in order to find a compromise that performed
well when steered in both y and z directions (Fig. 6).

III. RESULTS

The simulations indicated that the performance of
the TSA array when steered -15 mm in the z direction
improved with increasing number of annuli (Fig. 7).
The performance of the TSA array was fairly good
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Fig. 6. Diagram of curved cylindrical array.

30 7

30 /

25
20
“
/

10 —
5
k/*/./ ~ Annular Array

0 T T T T T T T 1

6 7 8 9 10 11 12 13 14
Number of Annuli

Fig. 7. G versus number of annuli for TSA array
focused at (0,0,-15) mm.

for arrays with as few as 10 annuli (G > 6). With 6
annuli, the focal intensity was roughly equal to the
maximum unwanted field intensity (G value ~1).

For 2-dimensional electronic steering of the
focus, the TSL array was initially examined. The
TSL array performed well when steered 15 mm in the
z (depth) direction, as seen in Fig. 8 (top), with G
values above 10 even for relatively large element
widths of 3A. However, the TSL array performed
relatively poorly when steered 15 mm in the y
direction (parallel to the length of the rectal cavity),
with most G values below 1.5, as seen in Fig. 8
(bottom).  Array performance was dependent on
element width in both cases, and improved with
smaller element widths.

The results presented in Fig. 9 indicate that the
cylindrical array performed better than the TSL array
when the focus was steered 15mm in the y direction,
with G values of around 3, even for larger element
widths. This performance improved with increasing
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Fig. 8. G versus average element width for TSL

array focused at (0,-15,0) (top) and (0,0,-15)

(bottom) mm.
array length. However, when the focus was steered to
(0,0,-15) mm, G values were quite low and were less
than 4 for element widths greater than 1.75 A.

The performance of the curved cylindrical array
was found to be intermediate between that of the TSL
and cylindrical arrays. In Fig. 10, for 60 mm array
lengths (solid curves) steered 15 mm in the y
direction, the G values were less than 4 for element
widths greater than 1.75 A. As the radius of
lengthwise curvature increased, the array flattened out
and the G values improved, as would be expected as
the CC array became more like the cylindrical array.
The shorter 50 mm CC arrays (dashed curves) were
similar, with somewhat lower G values.

For steering 15 mm in the z direction, there was
a slight improvement of performance with increasing
array length. In this case, following the set of solid
curves as an example, as the radius of lengthwise
curvature increased and the array flattened out, the G
values decreased.
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Fig. 9. G versus average element width for
cylindrical array focused at (0,-15,0) (top) and
(0.0.-15) (bottom) mm.

By varying the array length and the radius of
lengthwise curvature, the performance of the CC
array could be adjusted to achieve a compromise
providing acceptable performance when steering in
both the y and z directions.

IV. CONCLUSIONS

The truncated spherical annular (TSA) array was
studied in order to evaluate its performance when
steering -15 mm in the z direction. With as few as 10
annuli, G values above 6 were obtained. The TSA
array is therefore a good candidate for electronic
focusing in depth, eliminating the need to change
transducers during the course of a HIFU procedure in
order to vary treatment depth.

The truncated spherical linear (TSL) array was
shown to allow adequate steering in the z direction.
However, due to its poor performance when in the y
direction, mechanical steering of the focal position
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could not be eliminated, making it unacceptable for 2-
dimensional electronic focal steering.

The cylindrical array exhibited improved steering
in the y direction, relative to the TSL array.
Increasing the array length array improved results for
y direction steering. However, its performance when
steered -15 mm in the z direction was rather poor.
The cylindrical array was suitable for scanning of the
focal position within a plane parallel to the rectal
wall, but could not be used to change the focal depth.

The curved cylindrical (CC) array was proposed
as a compromise, in order to take advantage of the
best features of the spherical and cylindrical arrays.
As hoped, the performance of the curved cylindrical
array was between that of the truncated spherical
array and the cylindrical array. Because of its
variable curvature and length, the curved cylindrical
array design may be optimized for steering in both the
y and z directions. This array design shows excellent
promise for experimental testing and possible use as a
phased array for prostate treatment.
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