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Abstract— To meet o of the requirenentsfor MRI Guided
Ultrasound Sumery, namely small sumgical equipnent and
large focal volumes, acombined arrg encompassiig the
despn paranetersof the concentric-ring array andthe sector-
vortex arry has been posed. Simulations will show that
the setored annular argais capable of producing larger
necrosed tissueolumes than theoncentric-ring alone, while
maintaining the ability of the concentric-ring array to move
the focal volume in the aial direction of the array. These
simulations areverified by measurenents of the acoustic
fields poduced by an expemnental arrg in water. In
addition, theconstructed arrg produced the neessay power
required 6 coagulate tissuen rabbt thigh in vivo, while the
temperature elevation was monitored using MRI.

|. INTRODUCTION

Conventional MRI magnets hae small openirgs which place

spae restretions on ultrasund transdeers and the
mechanical positioning assenbly usedfor ultrasound sugety.

One mssible slution to this poblem is to use the

concentric-ring array desgn to allow electrical positioning of

the focus in the depth diation rather than mechanial

positioning [1]. Mechanial mation in the depth direction

acoounts for the majority of the sugical equipnent volume

that redwes spae aailable for patient sitioning.

However, asis the casewith single focus transdcers, the
focal volume pioduced Ly the concentric ring is very small

(appoximately 1-4 mm across thefocus). Previous studies
have slown that snaller focal volumes require more

sonications and a longer treament time than lager focal

volumes [2].

Previous studies hae slown that afocused transdwer diced
into wedge shaped stors (the setor-vortex array) can
create lager focal volumes than thse poduced ty a single
focus transdeer [3,4]. While a preious stud/ has shown
that it is theoretically possble to combine the concentric-ring
desgn with the setor-vortex desgn allowing for
simultaneous focal zone movement and enlagement[5], the
goal of the current reseah is © show that it is wssible to
construct sich an arrgt thatmanipulates théocal volume as
expeted andcan poduce erough power t creae lesions
in vivo.

An experimental arrg has beerconstricted to verify the
previous simulation results.This transdoer consiss of 13
rings and 4 setors (52channels dtal). Measurenentsof the
acoustic fields produced ty the expernental arrg will be
compared ¢ the simulation results Finally, lesions produced
by the expemnental arrg in rabbit thgh in vivo will be
presentedProton densiy images and teperaturemapping
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MRI data taken durimand dter the rabbi thigh sonications
will be presented.

Il. M ATERIALS AND METHODS

Array Geometry

The setored annular arsa geometry consists of a
sphercally-curved, circular transdoer which hasfirst been
cut into concentric rings and therdiced into wedge-shaped
setors. A schematic of the constructed setored annular
array is stown in Figure 1. The transdeer shown is
composeal of 13 evenly spaed rirgs diided inb 16 setors.
The coordinatesused areconsistentwith MRI coordinates
when the transdier is msitioned in thebore of the magnet,
with the y-axis correspnding to the anterbr/posterior
direction, the z-axis correspnding to the superor/inferior
direction, and the x-axis correspnding to the lateral
direction.

A previous paranetric study of the concentric-ring transdweer
despn has shown that rings evenly spaed in the XZ-
projection resut in a practical transdeer with a maximum
focal rarge [1]. Thus, thismethod of ring spaing has been

used for all of the transducer designs that have been studied.

Calculation of Element Phasing

Theelemert phasimg usedto produce themultiple focus field
patterns resulfrom phasig in the sane manne as the
simple concentric-ring array andthen addig a phaseatation
to each individual ring asonewould do for the simple sector-
vortex array. Thus,the rirgs in eah setor focus abng the
centralaxis at the spEfied depthhowever ezh element in

SECTION A-A
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TOP VIEW
Figure 1. Basic geoméry of the congucted setored annular array.
Note that although 16 setors are shown,the condructed array was
compised 6 only 4 setors. The coadinates chose corresporl to MRI
coadinateswhen the transducer is opely mauntedin the pogioning
system.
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a3 6 @ 6 (©) Each element of the array was connected tb@mnatching

E 44 circuit in order to match the array elements tob@t the

S 24 @, operating frequency of 1.5 MHz. The power and phase of
= 0 @@@ each channel were independently controlled by in-house
g 24 manufactured amplifier systems. For the beam plots, the RF
0w -4 amplifier system used has 3 bits of amplitude control

Z 64 resolution and 4 bits of phase control resolution [7].

o T

The in vivo experiments were conducted using a new

amplifier design possessing the ability to produce 0 to 60
watts of RF power per channel. Forward power is self-

regulated with internal forward power feedback and is

independently controlled from channel to channel. The

phases of each channel are independently controlled with 12
bits of resolution. A paper describing the new amplifier

technology is forthcoming.

Although 64 channel amplifiers were used, as the innermost
ring was neither sectored nor powered, the complete array
consisted of 13 rings and 4 sectors, and thus a total of only
52 individual elements were powered.

Y-Axis Position (mm)

Acoustic Field Measurements

L
6 -3 0 3 6 The 13 ring, 4 sector phased-array was placed in a tank of
Z-Axis Position (mm) degassed water. Stepper motors scanned a thermistor

: o embedded in a small bead of silicone across the focal region
Figure 2. Acoustic field measurements of the sectored annular arra 9

operating in mode 2. (a) and (b) correspond to the simulated fieldé/f the transducer [8]. Measurements were taken every 1.0

focused at 90 mm. (c) and (d) represent the associated measured fiemgn ',n the axial direction a.nd 0.25 mm ,',n the radial
focused at the same depth. direction. Due to errors resulting from the initial placement

of the thermister in the field, an uncertainty in the absolute
each sector has a discreet offset from the correspondingcation of the field in the axial direction is introduced.
elements in the other sectors. In order to both move the focus
axially and produce annular foci, both the ring-to-ring |n vivo Experiment
phasing in a specific sector and the sector-to-sector phasin_lg!1 . ,
on a specific ring must be maintained. For a detailedNe Sectored annular array was placed in a three axis

description of the phase calculations, refer to Fjield andPOSitioning —prototype  hydraulic  positioning  device
Hynynen, 1996. manufactured by General Electric Medical Systems

(Milwaukee, WI). The hair from the thighs of a New Zealand
white rabbit was removed with clippers and depilatory
cream. The rabbit was then anesthetized with a mixture of
Acoustic pressure fields were calculated using a numericagtetamine and xylazine and placed on its side atop the
method of summation of simple sources as described byositioning system. Degassed water was used to provide
Zemanek [6]. Detailed descriptions of the pressure fieldacoustic coupling between the submerged transducer and the

Field Calculations

calculations can be found in previous works [1,2]. thigh of the rabbit. The rabbit and positioning system was
) inserted into a standard 1.5 T MRI scanning system (Signa,
Array Construction General Electric Medical Systems, Milwaukee, WI).

The constru<_:ted conce_ntric-ring array was _machined_from &emperature mapping was generated using the temperature-
1.38 mm thick, spherically curved lead zirconate titanatejependent proton resonant frequency shift measured with a
(PZT-4) piezoelectric shell with a diameter of 10 cm. An 854t spoiled gradient echo sequence (FSPGR). The imaging
cm radius of curvature was chosen in order to demonstrat,g;‘firameters were as follows: repetition time TR = 52.6 ms,
the ability to focus in the near portion of the desired focalecho time TE = 12 ms, flip angle = 30°, bandwidth =
range where the transducer’s geometric tolerances are mogty kHz, resolution 256 128, field of view FOV = 16 cm,
critical. 14 equally spaced rings (in thé€Z-plane) were  gjice thickness of 3 mm, and an imaging time of 3.5 s. The
formed by cutting completely through the ceramic betweenscanner was programmed to reconstruct the real and
the rings. The space between the rings (about 0.3 mm widgpaginary images that were used to calculate the phase
was filled with silicone ubber. Four sectors were created by difference images. A baseline image taken prior to each
removing narrow strips of electrode from the back of thegpnjcation was subtracted from the images taken during each

transducer. The ceramic was then mounted in &ponjcation to calculate the phase difference induced by tissue
polycarbonate holder with an air space at the back of th@eating [9].

array.
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Figure 3. Phase difference image resulting from two 10 s sonications oft—
the sectored annular array. (a) corresponds to mode 0 and (b) of
corresponds to mode 2. Each image measuresxgéoom.
T2-weighted images were taken after the sonications with a 5 ; . : . :
-15 -10 -5 0 5 10 15

fast spin echo (FSE) sequence to evaluate the necrosed tissue
volume. The parameters used in these sequences were: Position (mm)

repetition time TR 2000 ms, echo time TE = 68 ms, echo Figure 4. Comparison of peak widths for thermal elevations prodnced
train length = 8, number of data acquisitions = 2 to 3, field ofvivo by the sectored annular array operating in mode 0 and mode 2.

view FOV =16 cm, and slice thickness =3 mm. focal plane at the end of a 10 s pulse of the array operating in

mode O at the geometric focus. The total electrical forward
power was set to 80 W, however there was 7 W reflected
power, resulting in a total transmitted electrical power of
73 W. The maximum temperature elevation induced by the
In order to compare the fields produced by the experimentahode 0 sonication was 22.9 °C.

array to the simulated fields, simulations were run using the . .
y 9 fter the tissue temperature returned to the baseline

actual geometry of the constructed array (including deacf‘

space between the rings) sonicating into water. Fig. 2(agemperature, the transducer was repositioned laterally with

compares the theoretical and experimental axial plan he hydraulic positioning system and a second sonication was

pressure-squared intensity distributions at the focal depth (g_erformed _W'th thg array operating in mod_e 2. T_he _pha_se
90 mm using phase rotation mode two for the constructed 1 |fferen_ce 'mage 1n the chal pl_ane_ for this sonication is
ring, 4 sector array. The experimental field plot is Iesss‘hown in Fig. 3(b). F_or this sonication, the forwar_d power
sharply focused and shows an error of approximately 2 m as set to 200 W which resulted in 182 W total tra_ﬂsm
in the axial location of the focus. Fig. 2(b) compares theP?OWer- The maximum temperattire elevation resulting from
theoretical and experimental pressure-squared in'[ensithIS second sonication was 22.3 °C.
distributions in the focal plane. The experimental fields wererig. 4 shows the profiles of the temperature elevations
similar in shape with the same peak separation and locatigfduced by the mode 0 and mode 2 sonications. These
as the simulated fields. However, the experimental peakgrofiles were obtained from the phase difference images
were wider and the field did not reduce to zero between thehown in Fig. 3. The full-width half-maximum of the
peaks as is the case with the theoretical results. temperature profiles are 3.0 mm and 5.7 mm for mode 0 and
mode 2, respectively.

lll. RESULTS

Acoustic Field Measurements

MRI Monitoredin Vivo Experiment . .
_ _ ) . _The ability of the sectorednaular array to increase and
Fig. 3(a) shows the normalized phase difference image in thgecrease the focal depth while sonicating in mode 2 is
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Figure 5. Close-ups of phase difference images showing thermal elevations produced by sectored annular array operating in mode 2. (a) corresponds to

a focus at 7 cm, (b) 8 cm, and (c) corresponds to 9 cm. Each image measure8 énam
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verified in Fig. 5. Three sonications were performed atassuming the same 40% transducer efficiency that was
depths of (a) 70 mm (168 W), (b) 80 mm (167 W), and (c)measured for a similar concentric-ring array. (Note that the
90 mm (267 W). The temperature elevations for these threeemperature elevations measured axially tend to be lower
sonications as measured with the phase difference imageésan measured across the focus due to the difference in voxel
were (a) 21.0°C, (b) 19°C, and (c) 24°C. geometry.) For mode O, a similar result is found: the
T2-weidhted i taken in the ol the f simulated results predict 21 watts while the experimental
gnied images were taken In e plane across he 1ogg 1 ingicate an 80 watt requirement. Although the power
to confl_rm the creation Of. lesions. One of the_se Images I?equirements are higher than expected, each element of a
shown in Fig. 6. As the image shows, two different SIZGdsimilar array has produced 5 watts acoustic power per square

lesions were formed from the modeO and mode 2Cm. This would result in a total of over 400 acoustic watts,

sonications. which should result in sufficient power reserve for the
IV. DISCUSSION therapedutic array.
The acoustic field plots shown in Figs. 2 demonstrate the V. CONCLUSION

ability of the sectoredranular array to both move the focus The present work has shown that it is possible to construct

along the central axis and (_:reate an _annulus (.)f focal zones Sﬁ array that allows the simultaneous movement of the focal
that axial depth. The resulting errors in the axial depth of th egion along the central axis of the array and increase the

90 mm deep focus plots were caused by errors in positionin%cal volume. The sonications into rabbit thighvivo have

the h_ydrophone that was used to set the phases of ths%own that an array constructed in the manner described
experimental transducer.

above is capable of producing enough acoustic power to

It is important to note that the older in-house amplifier create lesions in muscle. The next stage in the development

system with less power control and phase control require@f this transducer will be increasing the number of sectors

manual phasing of the experimental array with a hydrophongrom 4 to 8, as this will result in a transducer with a higher

The new amplifier system was constructed primarily inpossible mode number and thus a larger focal volume.

response to the driving requirements of the new array

designs composed of elements of varying size and ACKNOWLEDGMENTS
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