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Noninvasive surgery using high-powered, focused ultrasound transducers in conjunction with
magnetic resonance imaging has been shown to be feasible in previous studies. For clinical
treatments, the geometry of standard MRI equipment limits the space available for ultrasound
surgical equipment. This space requirement can be reduced in one dimension by using phased arrays
to control the focal depth, thus eliminating the space required for the motion of a fixed focus
transducer. Because of its symmetry, an annular array is ideal for changing the focal depth. Previous
works have simulated, built, and characterized various concentric-ring transducers; however, no
study has thoroughly examined the potential and limitations of the concentric-ring design for MRI
guided ultrasound surgery. The present work is a systematic examination of the capabilities of the
concentric-ring array, using numerical simulations to predict the power field, temperature
distribution, and accumulated thermal dose. The results presented here illustrate the effects of ring
size, center-to-center spacing configurations, number of rings, and radius of curvature on transducer
performance. A 10-cm radius of curvature transducer with 14 evenly spaced rings has been built and
characterized in order to verify the accuracy of the numerical simulations. The pressure-squared
fields produced by this transducer are in excellent agreement with the simulated field2960
Acoustical Society of America.

PACS numbers: 43.80.Vj, 43.80.$RD]

INTRODUCTION systems, the small openings of the clinical magnets limit
mechanical motion in the depth direction.

High-powered, focused ultrasound beams were firstused One way to reduce the space requirement in the depth
to create lesions deep in tissue by Lyetnal, in 1942. Since  direction is to utilize electrical focusing. The concentric-ring
then, various studies have demonstrated the feasibility of ustesign is ideal for electrically moving a focus in one dimen-
ing ultrasound for several therapi€sry et al, 1955; Lele, sion due to its axial symmetry. This type of array has been
1962; Kishi etal, 1975; Fry and Johnson, 1978; Heim- used for ultrasonic imaging of deep tissu@sditi et al,
burger, 1985; Colemaat al., 1985; Vallenciaret al, 1992;  1981), and in 1981, Do-Huu and Hartema(it981) explored
Bihrle et al, 1994. However, because the transmission ofthe possibility of using an annular array transducer for deep
ultrasound can be affected by tissue geometry, real timéyperthermia. Their results showed that the concentric-ring
feedback is necessary to insure safe, controlled treatmedesign was feasibléDo-Huu and Hartemann, 1982how-
(Fan and Hynynen, 1992; Fan and Hynynen, 1994 ever their array’s operating frequency was 400 kHz, which is

Previous studies have shown that it is possible to deteatot ideal for tissue ablatioHynynen, 1991 Others have
temperature elevations in tissue via magnetic resonance inalso simulated the heating patterns of various concentric-ring
aging (Parker, 1984; De Poorter, 1999VIRI can provide designs for hyperthermiéCain and Umemura, 1986; Ibbini
real-time feedback on the thermal effects with enough spatiadnd Cain, 199)) and some investigators have explored the
and thermal accuracy to be utilized in guiding ultrasounduse of the concentric-ring array for ablation, including
surgery(Hynynenet al, 1993; Darkazanlet al,, 1993; Cline  Chapelonet al. (1993, who constructed two small, 6-ring
etal, 1992. The current configuration for focused ultra- transducers for the treatment for benign prostatic hyperplasia
sound surgery consists of a fixed-focus, spherically curvedBPH) and prostate cancer. In 1994, a 10-ring array designed
ultrasound transducer mounted on a three-axis positioninfpr deep tissue ablation was built and characteri@shelli
system(Cline et al, 1995; Hynynenet al, 1996. The pa- etal, 19949, however, the ring configuration and the fact
tient and the surgical apparatus are positioned within thehat they only removed the electrode between the rings as
bore of the MR magnet. MR data are used to reference thepposed to cutting completely through the ceramic limited
current position of the focus, determine the boundaries of théhe transducer’s performance. Although arrays of this type
tissue to be treated, and monitor the temperature elevation diave been simulated and built, a comprehensive study of the
the tissue. Due to the nature of the standard MRI equipmentoncentric-ring design specifically for use in MRI guided
space is limited, and thus it is important to minimize theultrasound surgery has yet to be performed.
volume occupied by the surgical equipment. While sufficient ~ The present work systematically examines the theoreti-
motion along the surface of the patient can be accomplishedal capabilities of various concentric-ring transducer con-
in a relatively small space by using mechanical positioningfigurations for ultrasound surgery via numerical simulations.
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R10.00m . the phase difference of the acoustic waves from each ring
) arriving at this point could vary by no more than 90°, and
hence the distance from this point to the nearest and the
farthest edges of each ring could vary by no more théh

A point was chosen such that the total number of rings re-
sulting from this method was equal to the number desired.
The fourth method was to divide the rings in such a manner
that the surface areas of all of the rings were equivalent,
however, a comparison between the ring spacing resulting
from the equal area method and tk& deviation method
shows negligible difference. Although these two methods are
Secton A-A Top View based on different premises, the resulting ring spacings are
the same. Thus, only the first three methods of division need
be separately considered.

i : )
0357 em - | 10.0 cm

FIG. 1. Schematic illustrating the concentric-ring design.

Transducer parameters such as number of rings, relative. Calculation of concentric-ring element phasing
center-to-center ring spacing, and geometric focus were var- The bhasing f h i lculated f th
ied and simulated. In addition, construction constraints were € phasing for each fing was caiculated from the

estimated and accounted for, in an attempt to design a tran@'qgled(?f th? rln?,ﬂ:.eﬁ:n':(rni+drn0){2,t;]/vher(etrpé |sd.the
ducer with a maximum focal range that is also practical to"'SI0€ diameter ot théh rfing andr,, 1S the oulside diam-
ter, such that the phase variation from a single ring corre-

build. To support the theoretical results, a 14-ring transduce? d ) v half of the simol leadi
has been constructed and tested, and its actual performan%@On S_to approximately a0 the simple sources leading
the desired phase for the ring, and half lagging, at the focal

has been compared to that as simulated. i .
P spot. The relative phase of theh ring was calculated as
follows:

I. MATERIALS AND METHODS d,—d,
n
A. Spherically curved concentric-ring geometry On= A

The geometry of the simulated concentric-ring transducwhered, is the distance from the middle of theh ring to
ers consists of a spherically curved ultrasonic radiator dithe focus,d, is the distance from the first ring to the focal
vided into a series of concentric-rings centered onytleis  point, and\ is the wavelength of sound in tissue. At the
(in MRI coordinates when the transducer is mounted on thérequency of 1.5 MHzA=1.0 mm. (Note that the center
scanner tableas shown in Fig. 1. The width of each ring was element is designated as the first ring with an inner diameter
measured in theXZ plane, and the rings were numbered of zero)
from the center outward in ascending order, with the center
element designated as the first riftge center element can C. Acoustic field calculations
be considered a ring with an outside diameter equal to the . ) .
diameter of the disk and the inside diameter of 0 nfhe To calculate the resulting pressure field of an ultrasonic

maximum total diameter of the transducer was limited to lotransducer, the surface of the transducer is viewed as an as-

cm. The transducer frequency chosen is 1.5 MHz, as an ea§_emblage of point sources with each source contributing a
' dially symmetric power field. At each point in the field, the

lier study has shown this to be a good compromise betweelf

the cavitation threshold and the attenuation of the ultrasounfif)m“bu“ons.(.)f all of the pomt sour,ces are added together
in tissue(Hynynen, 1991 via superposition as described by O’'NEIR49. For a non-

An air-backed ultrasonic transducer was modeled, an%tteTqatr:ngS medlu;nidt.hlts IS l.accompllshed by using the
hence the acoustic power was assumed to radiate only fro aylelgh—sommerteld integrat.

the concave side of the radiator. The amplitude and phase of ipck N f e Krmng
n
Sn

-360°, (1)

each ring were independently controlled, and there was as- Pm=ﬁ gl u ds,, ()
sumed to be no dead space between adjacent elements. For
all of the simulations performed, the amplitude of each ringwhere p,,, is the acoustic pressure at point,{,Ym Zm), i
was set such that the acoustic power output per unit area fee \—1, p is the density of the mediunt, is the speed of
all of the rings was equivalent. sound,k is the real wave numben, = A,e'(“'"%) s the

The ring spacing configurations resulting from four dif- complex excitation of all point sources on théh element
ferent methods used to generate the ring widths were considvith amplitudeA,,, frequencyw, and phase), as explained
ered. The first method resulted in rings of the same widthin a preceding sectiom,,, is the distance to poirh from a
when measured on the surface of the transd(icer the arc  point g on elementn(X,q,Ynq,Zng), and S, is the surface
widths of the rings were equivaleh&or the second method, area of element.
the transducer was projected onto & plane, and the di- Water is used as the coupling medium between the
visions were equally spaced in this plane. The requiremertransducer and the tissue to be treated. Water is considered a
for the third method was similar to the method used bynonattenuating medium, while tissue is considered a low at-
Zanelliet al. (1994: for a single, chosen point on tlyeaxis,  tenuating medium. To modify Eq2) to take into consider-

I'mng
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ation the attenuation of tissue '*'mna must be replaced with TABLE I. Parameters used in thermal simulations.
e Ke'mnq, where k,=k—ia is the complex wave number

. . . . Parameter Value Units
with an amplitude coefficient of attenuatien
Once the pressure has been calculated, the power depa-tissue density 998 kgffn
sition per unit volume is calculated as a—attenuation coefficient 5 Np/m/MHz
c,—specific heat of blood 3770 J/kg/°C
| (x Z)|2 c,—specific heat of tissue 3770 J/kg/°C
Q(X,Y,2) = fap 1Pm{Xy,2)" 3) k—tissue thermal conductivity 0.5 W/m/°C
e ans 4 ’ w,—blood perfusion rate 1 kgftts
T,—arterial blood temperature 37 °C

where w45 is the absorption coefficient and=pc is the
acoustic impedance of the medium.

As Fig. 1 illustrates, the concentric-ring system is radi-
ally symmetric about thg axis. Hence, there is no pressure
gradient nor temperature gradient in the azimuth directio
and cylindrical symmetry can be used. Making use of this
symmetry, p,(r,y) =pm(X,y,0), and the computation time

can be dramatically reduced. (Damianou and Hynynen, 1994For long sonication times,

Souéepgegrglnnagnjtﬁglﬁ o:i(;hse gg\r:verreﬂsige\éeiasgse S(;ZC?L?O?]“Ch as those encountered in hyperthermia, blood perfusion
pacing grid sp 9 _rate is one important parameter governing temperature eleva-
to use a simple source spacing of no more than 0.5 mm

in 4 e

. . , tion. However, the shorter the time of sonication, the less
both directions on the transducer surféCeheltree apd Friz- influence the rate of perfusion has on the temperature eleva-
zell, 1989. Due to the geometry of the geometrically fo-

. T o H’on (Billard, 1990. On the other hand, the shorter the time
cused transducer, this source spacing is sufficiently smal o .
of sonication, the less effect conduction has on the tempera-

.SUCh that_ any further decrease in size_ results_ in a n_ggligiblFure field distributions, and thus the smaller the volume of
increase in the accuracy of the power field while S'gn'f'cantlynecrosed tissue. In this study sonication times of 10 s were

Increasing computatlon_ time. The same hOIdS. trut_a f°r. arﬁlsed, as this is a good compromise between minimizing the
acoustic field grid spacing of 1.0 mm in the axial direction

7 . . . emperature dependence on perfusion while maximizing the
and 0.25 mm in the radial direction. These values aIIowec} P P P 9

N . . volume of the necrosi€Damianou and Hynynen, 1994
the fastest computation time with a high degree of accuracy. Each simulation assumed there were two media layers.

The difference between the axial and radial grid spacing is %he surface of the tissue was 3 cm from the base of the

re_sult of the dlffe_rence in the_ magnltude of the thermal gra"[ransducer, with water between the tissue and the transducer.
dients produced in the two directions.

The speed of sound was assumed to be 1500 m/s and the
density was 998 kg/ffor both water and tissue. Table | is a
comprehensive list of the parameters used in the thermal
D. Thermal modeling simulations. The attenuation coefficieat=5 Np/m/MHz

In order to calculate the effect of a power field on the Was added td, in Eq. (2) as described above to simulate the

temperature in tissue, the thermal conductivity of the tissu&fﬂaCt of attenuation in the tissue.

and the perfusion of blood through the tissue must be take (AA‘r)nl_:_rggrr'ﬁ;l:(mgfnd\gﬁ;:r;?ihaepg:s:?ewa;zfsv%it:hssotli\llle
into account. The differential equation that relates thes q. (%), P

properties to the temperature is the bioheat transfer equatit%{emS accurate solutlons_ to th|s_equat|on has begn shown to
(Pennes, 1948 e dependent on the grid spacing. For the spacings quoted
' above, it was necessary to reduce the time step to 20 ms. The

T maximum temperature reached in each simulation was
PiCt E:ktVZT_wab(T_Ta)+Q(r1y)u (4) 100 °C at the location of the intended focus, accomplished

by scaling the total acoustic output power accordingly.

a temperature difference of less than 0.1 °C along the central
axis except in the first 0.5 mm from the water/tissue inter-

Previous studies have shown that there are several pa-
rameters that influence the temperature elevation in tissue

whereT is the temperature at tinteat the location K,y), p;

is the density of the tissue, is the specific heat of the tissue,
k. is the thermal conductivity of the tissue, is the blood E. Dose calculations
perfusion rateg, is the specific heat of the blood, is the
arterial blood temperature, ag{r,y) is the acoustic power

deposition rate per unit volume, as defined b . The ; . . o .
P P y B can be predicted by calculating via a numerical integration

tissue was simulated as a homogeneous medium. h ber of ivalent minutes at ; i
The boundary conditions consisted of a temperature of'® hum erot equivalent minutes at some relerence tempera-

37 °C on the radial extreme of the simulated area, 37 °C OII]ure.
the axial end farthest from the transducer, and 25 °C and final
37 °C was used at the water/tissue interface. The initial con- Doser (t)= J Rler T0dt~ > RTer TatAt,  (5)
dition was 37 °C within the simulated cylinder. Preliminary t=0 =0

investigation of the water/tissue interface boundary conditiorwhereT, is the reference temperatutg,,=theaing™ tcooling:
showed that using a boundary condition of 25 °C resulted imAt is the small time interval described abovk,; is the

The thermal dose was calculated based on a technique
suggested by Sapareto and Dew@®84. Tissue necrosis

tinal
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average temperature over ting, andR is the parameter
defined as 10.0

. g n (@)
0.5, for T(t)=43°C, e ¥r i
R=10.25, for T(t)<43°C. S eop P
The necrosed volume is approximated by finding the surface g sor A ;‘ "".‘
which encloses a volume that contains only tissue which has 20 [ N /\/\ by fr‘ \,
accumulated a thermal dose equivalent to 240 min at the & 00} IJ\‘ RS T
reference temperature @f,=43 °C. It has been shown that 2 4 & & 10 12 14 18 18
the trends of tissue necrosis induced by focused ultrasound 100 - A
can be estimated using this method@amianou and 5 wf Primary Focal Peak/?' ! (o)
Hynynen, 1994 30—: 80 | Secondary Peak Dl
= 70} .
F. Array construction % 60 _ / ;"‘I |
The constructed concentric-ring array was machined % 50 / \
from a 1.38-mm-thick, 10-cm-diam, spherically curved lead % 40 = f“l“’wfl/J\l‘-vu'*I’/l T
zirconate titanatéPZT-4) piezoelectric shell with a 10-cm Fo T T T s s 10 1z 14 6 18
radius of curvature. The ring configuration consisted of 14
rings equally spaced in th&€Z plane, resulting in a center- 1000 1= Iﬁ {c)
to-center spacing of 3.57 mm. These rings were divided by ¢ 80 ‘ |‘
cutting completely through the ceramic between the rings. £ 600 - |
The machining process produced a gap of approximately 0.3 o 400 b | ’\
mm between adjacent rings, resulting in a ring width of 2 200 PR e | o
about 3.3 mm. The space between the elements was filled oL ¥ {
1 | |

with silicone rubber in order to minimize any mechanical e

. . : 2 4 8 8 10 12 14 18 18
coupling between the rings. The ceramic was then mounted _ )
in a waterproof polycarbonate casing, allowing the trans- Axial Distance {cm)
ducer to be submerged while remaining air backed.

Each element of the array was connected to L#h FIG. 2. Simulated results showing an example of the axial distributions of

matching circuit in order to match the array to 80at the power, temperature, and thermal dose. The transducer geometry simulated

. . consisted of 16 ringsk number 1.0(10-cm radius of curvatujeand was
operating frequency of the transducer. The array Wa_S d”Veﬂ)cused at 13 cm(a) Axial profile of power deposited powetb) Tempera-
at 1.54 MHz, and the phase of each channel was indepemuire profile generated from the power field illustrating the primary and sec-
dently controlled by an in-house manufactured digital circuitondary focal peaks used to characterize the transducer's perforniahce.
with 4 bits of phase control resolutiofBuchanan and Accumulated thermal dose received by the tissue along the transducer's

center line.

Hynynen, 1994

o of three times that required for the highest power simulated
G. Acoustic field measurements sonication in order to insure the capability of adequate power

The 14-ring phased array was placed in a tank of dedelivery for surgery. The power output from each ring was
gassed water. Stepper motors scanned a thermistor embéueasured indiVidua"y, and the results were summed to de-
ded in a small bead of silicone across the focal region of théermine total transducer acoustic output power.
transducer(Martin and Law, 1988 Measurements were
taken every 1.0 mm in the axial direction and 0.25 mm in thell. RESULTS
radial direction. The uncertainty in the absolute location ofa simulation results
the field is estimated to be about 1 mm in the axial direction ) ) . S
resulting from an imprecision in the location of the starting ~ Figure 2 is an example of typical axial distributions of
point, and the relative accuracy of the equipment is quoted aROWer, temperature, and thermal dose resulting from the
5 um/25 mm by the scanner frame manufactui@aedal, concentric-ring array. A 16-ring, 10-cm radius of curvature
Harrison City, PA. The thermistor was manually positioned fransducer was 'Fhe confjguration used to generate this figure.
only once, and therefore the 1 mm uncertainty applies onthe transducer is electrically focused at 13 cm, yet note the

to the absolute location of the fields and not to the relativesmall secondary focus at approximately 7 cm. Although the
locations in and between the scans. location of the necrosed region is of primary interest, and no

secondary region of necrosis is formed, the temperature at
the secondary focus reaches at least 45 °C. In the clinical
environment, a temperature elevation resulting from a sec-
The total acoustic power output from each ring wasondary focus may cause pain, and if not carefully monitored,
measured in degassed water via a radiation force techniqua unwanted accumulation of thermal dose resulting in ne-
(Stewart, 1982 The measurements were taken at 1.54 MHzcrosed tissue. Considering that multiple sonications are nec-
with the input voltages set such that the acoustic outpuéessary to treat an entire tumor volume, any temperature in-
power from each ring corresponded to a power per unit arearease outside the primary focus causes an increase in

H. Total acoustic power measurements
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TABLE Il. Comparison of the ring arc-widths for a 6-cm radius of curvature -
array resulting from three different methods of ring division. T

Equal radial Quarter- LN —0— XZ-Projection
Ring # increment Arc width wavelength —o— 1/45. Deviation
1 357 4.2 10.50 —O— Equal Arc-Length
2 3.58 4.22 6.29
3 3.61 4.22 4.88
4 3.65 4.22 4.16
5 3.71 4.22 3.71
6 3.78 4.22 3.40
7 3.87 4.22 3.16 2
8 3.99 4.22 2.98 i
9 4.14 4.22 2.83 o
10 4.33 4.22 2.72 2
11 4.58 4.22 2.62 ©
12 4.90 4.22 2.53 2
13 5.35 4.22 2.46 £
14 6.01 4.22 2.40 Pt

treatment time, as there must be a long enough delay be-
tween sonications for the tissue at the secondary focus to
cool down such that neither pain nor a second region of
necrosis is formedDamianou and Hynynen, 1983Thus,
thermal dose alone is not an adequate indicator of transducer
performance. It is also difficult to estimate the temperature
profile from the power profile with a sufficient degree of . , T T T T T
accuracy. Hence, the temperature profile was used as the 4 5 6 7 8 9 10
primary indicator of transducer performance in this study. Axial Distance (cm)

Outside of the primary focus, a temperature elevation to
43 °C was considered the maximum acceptable secondagc. 3. Secondary temperature elevation comparison curves for three dif-
temperature elevation, as this is the location of the discontiferent methods of ring divisiona F number 1.3(13-cm radius of curva-
nuity in the equation for accumulated thermal dose, abovgre)v (b) F number 1.0(10-cm radius of curvatujeand(c) F number 0.7

. . . .. (7-cm radius of curvatupe Note that for each point the power was scaled
which dose increases much more rapidly. Also, no pain i

caused at this temperature. However, it is important to note
that when one considers that multiple sonications are often
necessary in MRI guided ultrasound surgery, more stringerdeviation method produces lower secondary temperature el-
requirements for secondary temperature elevation must takevations when focusing closer to the transducer than the
into account, such as the primary necrosis tissue volume, thether methods. Later, however, a method is described for
secondary temperature elevation, and the resulting tempereeducing the secondary temperature elevations when focus-
ture increase at the secondary focus after an appropriateg near the transducer. Utilizing this method, less emphasis
cool-down time between sonicationgan and Hynynen, needs to be placed on the secondary temperature elevations
1996. resulting when focusing near the transducer, and the focal
The first design parameter studied was the relativeange is more heavily dependent on the ability of the trans-
center-to-center spacing of the rings. Table Il lists the arducer to focus beyond the geometric focus. The arc-width
widths resulting from the three methods of division for 14 division method and the equal-radial increment method are
rings. The widths shown correspond to a 6-cm radius of curable to move the focus farther past the geometric focus with
vature transducer, as this is the smallest radius of curvatudess secondary temperature elevation than the quarter-
transducer simulated, and the smaller the radius of curvaturgjavelength deviation method. However, as is shown most
the greater the difference between the arc width of the eleclearly in the case of the 7-cm radius of curvature transducer,
ments and equal-radial increment widths. Simulations wer¢he equal-radial increment method produces lower secondary
run for each of these ring configurations for transducers witttemperature elevations at the extreme focal locations than the
variousF numbers. equal arc-width method. In addition to resulting in the largest
Figure 3 compares the results of the thermal simulation$ocal range, the equal-radial increment method results in an
for the three ring configurations described above for 7-, 10-array which is most practical to construct, in that the rings
and 13-cm radius of curvature transducers. A method of ringire not unacceptably small as would be the case with the
division was chosen for all subsequent simulations thatqual area method if the number of rings were increased to
would result in an array most practical for MRI guided ul- obtain the same focal range as the equal-radial increment
trasound surgery, based on maximum focal range capabilitnethod. Thus, all subsequent transducer configurations
and ring widths that would be practical to realize in a con-simulated were based on the equal-radial increment ring di-
structed array. As the graphs show, the quarter-wavelengthision.

uch that the temperature at the primary focus was 100 °C.
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Axial Distance {cm)

The next parameter considered was the number of rings.

Although it is well known that the more rings a transducer
has, the larger its range of focus, there are various constru

FIG. 6. Effect of turning off outer rings. These graphs represent the axial
temperature distributions for a 14-ring transducer phased to focus at 6 cm

@ith outer elements turned off. ThE number of this transducer is 1.3

tion limitations regarding the maximum number of rings (13-cm radius of curvatujeand the power is scaled such that the maximum
which can be practically realized. In order to determine thgemperature reached is 100 °C for each sonicat@nThe centerline profile

Temperature (°C)

Axial Focus (cm)

FIG. 5. Temperature comparison curves for variBuaumbers. Note that

for this transducer with all 14 rings powered. Each successive graph repre-
sents a higher effectiveE number achieved by powering one fewer ring,
from (b) with 13 rings powered tdf) with 9 rings powered.

focal ranges achievable by transducers of practical dimen-
sion, a transducer witlr number 1.0 was simulated with
various numbers of rings ranging from 12 to 18 rings, result-
ing in ring widths from 0.417 to 0.278 cm, respectively,
along with a simulation of 100 rings. Established linear array
theory states that if the individual elements are less tian
wide, unwanted grating lobes can be avoided at any steering
angle (Steinberg, 1976; Skolink, 1980In the case of the
geometrically focused concentric-ring array, where the steer-
ing angle from each element is generally significantly less
than that of a linear array, 100 rings can be considered the
ideal case.

The results of the simulations are shown in Fig. 4. These
results show that the smaller the ring size, the greater the
effective focal range of the transducer. While increasing the
number of rings does not produce a significant increase in
focal range(less than 2 cm difference between the 12-ring
and the 18-ring arrgy increasing the number of rings sig-
nificantly lowered the secondary temperature elevations re-
sulting at the focal extremes. This property allows the in-
crease of the focal range by further lowering the secondary
temperature elevations near the face of the transducer, as will
be discussed later.

For the practical array, the main limiting criteria is the
minimum realizable ring width. Based on previous experi-
ence with piezoceramics, it was assumed that the minimum

the diameters of the transducers remained fixed at 10 cm. Each curve repractical ring size is limited to about 3 mm. However, these

resents the secondary temperature elevations resulting from a 14-ring trang

ducer.(a) The temperature comparison curves for transducers Rvittum-

imulations did not take into account any dead space be-

bers greater than 1.(b) The temperature comparison curves for transducerstW€€n the rings, as this parameter is dependent on the

with F numbers less than 1.0.
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FIG. 8. Simulated necroses formed by four transducer designs with a
0.3-mm kerf between the ring&) 14 rings, 7-cm radius of curvaturgy) 14
rings, 10-cm radius of curvaturég) 14 rings, 13-cm radius of curvature,
and (d) 20 rings, 13-cm radius of curvature. For the necroses nearest the
transducer, the outer rings were turned off as specified in Fig. 7.

should decrease the diameter of the transducer in order to
Axial Focus (cm) increase the effectivé number. With the concentric-ring
array, this can be accomplished dynamically by reducing the
FIG. 7. Performance curves for three transducers of optimum design withiCoustic power contribution of the outer rings.
preset construction limits. Each transducer has 14 ri@s=ar focal range Figure 6 is an example of the axial temperature profiles

transducer wittF number 1.313-cm radius of curvatuye(b) Middle focal for a transducer with and without any outer rings turned off
range transducer with number 1.0(10-cm radius of curvatuje(c) Close ’

focal range transducer with number 7.0(7-cm radius of curvatuje The Typ.ically, th? more rings turned off and the higher the re-
numbers near the points represent the number of rings turned off in eactulting effectiveF number, the lower the secondary tempera-

casoe tp redu(_:e the seconde_ary temperature elevations to below 43 °C, @gre elevations. However, increasing thenumber also re-
gsn.c is considered the maximum acceptable secondary temperature eIevgl-JI,[S in longer primary focal peaks in the axial direction, and
thus the minimum number of rings should be turned off that
is necessary to reduce the secondary temperature elevation to
nigues will yield a dead space from 0.3 to 0.5 mm, and withbelow 43 °C.
this in mind, 14 rings(3.57-mm center-to-center spacjng Figure 7 illustrates the maximum theoretical focal
was considered as a compromise between theoretical perfatanges attainable for three transducers with diffefentum-
mance and assumptions regarding construction limitationsers, each with 14 rings. The secondary temperature eleva-
As the goal of this study is to examine the effects of variougion at the inner focal limit for each transducer were attained
parameters on the focal capabilities of the concentric-ringy turning off the minimal number of outer rings necessary
array of practical dimensions, the transducers modeled in theo reduce the secondary temperature elevation to below
following simulations are all composed of 14 rings. 43 °C.

The effective focal range of a transducer with a given Simulations show that the width of the dead space be-
number of rings can be altered by moving the geometridween the elements affects the focal range of the transducer:
focus, which translates to changing tke number of the the larger the dead space, the more limited the post-focal
transducer. Setting the diameter of the transducer to 10 cmange. Available machining methods result in a dead space
and varying the= number results in the secondary tempera-of approximately 0.3 mm, and as the goal of this study is
ture elevation curves shown in Fig. 5. As can be seen fronpractical transducer design, this minimum dead space limita-
the figure, the effective ranges of the transducer centetion must be taken into account. Figure 8 consists of two-
around their geometric foci, and the effective range also indimensional necrosed tissue volume boundary plots for a set
creases with increasefl number. For example, the trans- of selected focal locations over the range of focus of four
ducer withF number 1.3 is capable of focusing over a rangel4-ring transducers witR numbers 0.7, 1.0, and 1.3 and one
from 8 to 15 cm. On the other hand, the transducer With 20-ring transducer witlF number 1.3. All four of these
number 1.0 was capable of focusing from 7 to 12 cm. transducers were modeled with a 0.3-mm dead sphuze

Division of the depth of the intended focal location by that the focus can be placed at any location within the trans-
the diameter of the transducer results in an effediveum-  ducer’s effective range by selecting proper phagihy Fig.
ber, and as shown above, a largernumber results in a 8(a)—(c), the outer rings were turned off as specified in Fig.
larger range of focus. This would lead one to believe that in7. If it were possible to construct rings that were only 2 mm
order to focus at depths near the face of the transducer, omeide, construction of a 20-ring transducer would then be
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FIG. 9. Comparison of simulated transducer performadogted ling versus measured performance of constructed transdswi@ line). The graphs in this
figure represent the axial pressure-squared distribution. The peak heights of each curve has been normalized to 1d)—®pagrsespond to foci at 6, 7,

8,9, 10, 11, 12, and 13 cm, respectively. Gréphllustrates the effect of turning off the outer rings by showing the theoretical and actual axial distributions
for a focus at 6 cm with eight of the outer rings turned off.

possible. Figure @) consists of the two-dimensional necro- rounded to the nearest 22.5°, the resolution at which the
sed tissue volume boundary plots for a 20-ring, 13-cm radiugxperimental array was driven. Figure 9 is a comparison be-
of curvature transducer with the same 0.3-mm dead spaceween the pressure-squared distributions along the central
[In Fig. 8(d), the method of turning off the outer rings was axis of the experimental array and the simulation results. The
used to reduce the secondary temperature elevations resuaoretical predictions and the measured values of the loca-
ing when the focus is near to the surface of the transdliceryjons of the focal peaks and their associated widths measured
at full-width half-maximum along with the maximum sec-
ondary intensity are compared in Table Ill. The values of
In order to compare the fields produced by the experiPrimary peak location and width were obtained by fitting a
mental array to the simulated fields, simulations were rurGaussian function to the theoretical and measured focal
using the actual geometry of the constructed array sonicatingeaks, and the maximum secondary intensity was defined as
into water. The phases used in the these simulations werthe maximum intensity outside of the primary focal peak

B. Acoustic field measurements

TABLE lIl. Comparison of the theoretical and measured performance of the constructed 18-rinmber 1.0
transducer. The primary peak location and full-width half-maximum values were determined by fitting a Gauss-
ian curve to the theoretical and measured data. The secondary peak intensity was determined by measuring the
maximum intensity outside of the primary focal peak.

Primary focal peak Secondary peak
Location Full-width half-max Maximum intensity
(cm) (cm) (normalized
Focugcm) Predicted Measured Predicted Measured Predicted Measured

6 6.05 5.97 0.34 0.27 0.37 0.40
7 7.05 6.99 0.31 0.35 0.08 0.15
8 8.04 8.01 0.35 0.39 0.04 0.13
9 8.99 9.08 0.43 0.48 0.02 0.10
10 9.98 9.94 0.52 0.57 0.07 0.14
11 10.93 10.99 0.61 0.67 0.16 0.10
12 11.89 11.85 0.72 0.80 0.27 0.27
13 12.84 12.80 0.84 0.95 0.54 0.33
6 (8 rings off) 6.06 5.90 1.10 1.60 0.10 0.24
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not a problem. A summation of the output powers of all the

@) ) rings results in 585 W of acoustical power. No problems
T4 147 were encountered with powering the rings at these desired
1 e, intensities.
12| o)
- () lll. DISCUSSION
% 10 This study has illustrated the effects of number of rings,
§ ring configuration, and= number on the focal range of the
g 8 5 o concentric-ring array. The results have shown that it is pos-
@ @ % sible to construct a concentric-ring transducer of practical
Z 6 o R dimensions which allows significant focal range in the axial
= o direction. An experimental array has been constructed and
E - acoustic field measurements have verified the simulation re-
T = T sults. The analysis presented here shows that the concentric-

T oms | 050 050 025 om0 0% oko ring design promises significant advances in MRI guided ul-
trasound surgery.

The simulation results indicate that the focal range of a
FIG. 10. Contour plots representing the two-dimensional fields of the simuconcentric-ring array is dependent on the method of ring di-
lated and actual transducefa) Theoretical field plot for a focus at 12 cm, vision, yet less so than on the number of rings, radius of
and (b) plot of measured field from constructed array. The contour interval . s
is 10%. curvature, and overall diameter of the transducer. D|V|d|ng
the transducer by the quarter-wavelength method results in
gn array that is capable of focusing in the range between the
point chosen for the division and a point beyond the geomet-
ric focus of the transducer without producing secondary tem-
peratures of over 43 °C. When the focal point is moved be-
array were verified by the constructed array. As was showxond. this range, however, the output of the transducer
) . ) . deteriorates at a rate greater than that of the arrays created by
in Table 1ll, the difference in location of the focal peaks as ™ ~.

. using the other two methods. As an example, the secondary

predicted and measured was always less than 1 mm, exce .
for the case when eight of the outer rings were turned off an mperature elevation for tffenumber 1.0 transducer focus-

g 9 ing at 12 cm as shown in Fig. 3 is 49.3 °C for the quarter-

the focus was at 6 cm. The full-width half-maximum ValuesWavelength deviation method and only 42.9 °C for the other

varied from theoretical to measured by no more than 1. o
. L o methods, resulting in almost 1 cm less focal range for
mm, except in the latter case where the deviation was 5. L

e quarter-wavelength deviation method transducer.

mm. The discrepancy found in th when th rrin : .
e discrepancy found in the case when the outer rings There are certain advantages that an array with equal

are turned off can be attributed to a lack of sufficient power . : o
: - : . area rings has over an array with equal radial increments. As
control in the driving equipment that resulted in too much., . ; o . |
t is desirable to power the concentric ring array with uni-

power being delivered to the central elements and no#

enough power delivered to the outer elements. The averagegrm intensity, equal surface area rings would be of nearly

. . : . qual impedance and would thus place similar loads on the
percentage difference in secondary peak intensities betwetﬂm . o ) P
riving amplifiers. However, as is shown in Fig. 3, the equal

the theoretical and the predicted values was 8.3%. Thus

. . . drea transducer does not have as large a focal range as the
these data are in excellent agreement with the theoretic : - .
- o L . . “transducers with equal radial increment or equal arc width. In
predictions and thus verifies the validity of the simulation e ) : .
results addition, to create equal area rings, the ring widths must

become increasingly smaller as the diameter of the ring in-
creases. The 13-cm radius of curvature transducer with 14
rings would require the outermost ring to be only 0.178 cm
The simulation results show that for the manufacturedwide, as opposed to the 0.357-cm width resulting from the
transducer’'s geometry the maximum power per unit area ocequal radial increment method. Thus, the ring widths re-
curs when the transducer is focusing at 6 cm with 8 of thequired for an equal element area transducer are too small to
outer rings turned off. For this sonication, the simulationsbe practically constructed.
predict a total acoustic output power of 31.4 W, or an inten-  Although the equal-radial increment method was judged
sity of 2.2 W/cnt over the inner 6 rings, in order to reach to yield the best configuration, the quarter-wavelength devia-
100 °C in 10 s. Each ring of the transducer was indepention method still provides useful information. Note that the
dently powered at an amplitude inversely proportional to theénnermost ring resulting from the quarter-wavelength devia-
square root of the ring’s area, such that the acoustic intensitffon as shown in Table Il is considerably larger than the
was three times 2.2 W/cior 6.6 Wi/cn? for each ring, corresponding ring resulting from the equal-radial increment
where the factor of three has been added to insure adequateethod. Thus, a number of the inner rings on the equal-
equipment reserve. Each ring was tested individually withradial increment transducer could be combined without re-
the absorbing brush located approximately 2 cm from thelucing the performance of the transducer as long as the total
surface of the transducer, thus insuring that cavitation wasvidth of the combined rings remains less than that deter-

[=1
o
o
o
]
4]
{=]
o
<

Radial Position (cm)

region. Figure 10 is a comparison of the actual and simulate
two-dimensional contour plots for a focus of 12 cm from the
base of the transducer.

The theoretical predictions for the 14-rirfgnumber 1.0

C. Acoustic power measurements
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mined by the quarter-wavelength deviation criterion. Notefrom 4 to 6 cm. Thus, another transducer specifically de-
however, that the Table Il values were generated by choosingigned for this range of focus is necessary. The transducer
a focal point of 5.3 cm for a 6-cm radius of curvature trans-with 14 rings andF number 0.7 is effective over the focal
ducer in order to result in a total of 14 rings. To apply therange of 4 to 8 cm, and the 2-cm overlap of focal ranges
quarter-wavelength deviation method in order to decrease theetween these two transducers would allow treatment of a
total number of rings by increasing the size of the centetumor volume located anywhere from a depth of 4 to 15 cm.
element, a focal point for the division must be chosen to  The limitations on ring width and shape are based al-
produce a transducer with the desired focal range as opposeapst entirely on the construction methods currently avail-
to a specific number of rings. This method suggests that foable. It may be possible that minimum practical ring width
the 13- and 10-cm radius of curvature transducers, the inn@ould be as small as to 2.0 mm, which would allow construc-
two elements can be combined without degrading transducdion of a 20-ring array. In fact, as shown in Figd8 the
performance. simulations predict that a 20-ring array constructed in the
As was shown in Fig. 5, largeF numbers result in Same manner as the 14-ring array may cover the entire focal
greater focal ranges. This result suggests that the focal rangange from 4 to 15 cm desired for MRI guided ultrasound
of a transducer may be increased by turning off the outepurgery.
rings and thus increasing tHe number of the transducer.
The results obtained by turning off rings, as shown in Figs. 8V. CONCLUSION
and 7, can be understood by examining the geometry of the

o . The large axial focal range of the concentric-ring phased
concentric-ring transducer and its effect on the phase COheE{rray may be used to greatly reduce the volume occupied by
ence of the wavelets generated by each ring. Because t

I?ﬁe mechanical positioning device used in MRI guided ultra-

rings have a finite width, the only point along the central XISgound surgery. The results presented here have illustrated the

vyh|c.h 1S eqwdlstaqt to all points on the surface of any giveNyga o5 of 5 few of the various parameters in concentric-ring
ring is the geometric focus of the transducer. However, as th

f . dqf h i f h lat h fransducer design. Undoubtedly, there are many other impor-
ocus Is moved from the geometric focus, the relative phaseg, . 51ors governing transducer design than those discussed

angle between all of the points on one ring and all of the;p,e however this work should provide a good starting
points on another ring changes by specific, discrete amountﬁoint for concentric-ring applicator design.
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