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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 fields. ©1996
Acoustical Society of America.

PACS numbers: 43.80.Vj, 43.80.Sh@FD#
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INTRODUCTION

High-powered, focused ultrasound beams were first u
to create lesions deep in tissue by Lynnet al., in 1942. Since
then, various studies have demonstrated the feasibility of
ing ultrasound for several therapies~Fry et al., 1955; Lele,
1962; Kishi et al., 1975; Fry and Johnson, 1978; Heim
burger, 1985; Colemanet al., 1985; Vallencianet al., 1992;
Bihrle et al., 1994!. However, because the transmission
ultrasound can be affected by tissue geometry, real t
feedback is necessary to insure safe, controlled treatm
~Fan and Hynynen, 1992; Fan and Hynynen, 1994!.

Previous studies have shown that it is possible to de
temperature elevations in tissue via magnetic resonance
aging ~Parker, 1984; De Poorter, 1995!. MRI can provide
real-time feedback on the thermal effects with enough spa
and thermal accuracy to be utilized in guiding ultrasou
surgery~Hynynenet al., 1993; Darkazanliet al., 1993; Cline
et al., 1992!. The current configuration for focused ultra
sound surgery consists of a fixed-focus, spherically cur
ultrasound transducer mounted on a three-axis position
system~Cline et al., 1995; Hynynenet al., 1996!. The pa-
tient and the surgical apparatus are positioned within
bore of the MR magnet. MR data are used to reference
current position of the focus, determine the boundaries of
tissue to be treated, and monitor the temperature elevatio
the tissue. Due to the nature of the standard MRI equipm
space is limited, and thus it is important to minimize t
volume occupied by the surgical equipment. While sufficie
motion along the surface of the patient can be accomplis
in a relatively small space by using mechanical position
1220 J. Acoust. Soc. Am. 100 (2), Pt. 1, August 1996 0001-4966/96/
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systems, the small openings of the clinical magnets lim
mechanical motion in the depth direction.

One way to reduce the space requirement in the de
direction is to utilize electrical focusing. The concentric-rin
design is ideal for electrically moving a focus in one dime
sion due to its axial symmetry. This type of array has be
used for ultrasonic imaging of deep tissues~Arditi et al.,
1981!, and in 1981, Do-Huu and Hartemann~1981! explored
the possibility of using an annular array transducer for de
hyperthermia. Their results showed that the concentric-r
design was feasible~Do-Huu and Hartemann, 1982!, how-
ever their array’s operating frequency was 400 kHz, which
not ideal for tissue ablation~Hynynen, 1991!. Others have
also simulated the heating patterns of various concentric-r
designs for hyperthermia~Cain and Umemura, 1986; Ibbin
and Cain, 1990!, and some investigators have explored t
use of the concentric-ring array for ablation, includin
Chapelonet al. ~1993!, who constructed two small, 6-ring
transducers for the treatment for benign prostatic hyperpla
~BPH! and prostate cancer. In 1994, a 10-ring array desig
for deep tissue ablation was built and characterized~Zanelli
et al., 1994!, however, the ring configuration and the fa
that they only removed the electrode between the rings
opposed to cutting completely through the ceramic limit
the transducer’s performance. Although arrays of this ty
have been simulated and built, a comprehensive study of
concentric-ring design specifically for use in MRI guide
ultrasound surgery has yet to be performed.

The present work systematically examines the theor
cal capabilities of various concentric-ring transducer co
figurations for ultrasound surgery via numerical simulation
1220100(2)/1220/11/$6.00 © 1996 Acoustical Society of America
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Transducer parameters such as number of rings, rela
center-to-center ring spacing, and geometric focus were v
ied and simulated. In addition, construction constraints w
estimated and accounted for, in an attempt to design a tra
ducer with a maximum focal range that is also practical
build. To support the theoretical results, a 14-ring transdu
has been constructed and tested, and its actual perform
has been compared to that as simulated.

I. MATERIALS AND METHODS

A. Spherically curved concentric-ring geometry

The geometry of the simulated concentric-ring transdu
ers consists of a spherically curved ultrasonic radiator
vided into a series of concentric-rings centered on they axis
~in MRI coordinates when the transducer is mounted on
scanner table! as shown in Fig. 1. The width of each ring wa
measured in theXZ plane, and the rings were numbere
from the center outward in ascending order, with the cen
element designated as the first ring~the center element can
be considered a ring with an outside diameter equal to
diameter of the disk and the inside diameter of 0 mm!. The
maximum total diameter of the transducer was limited to
cm. The transducer frequency chosen is 1.5 MHz, as an
lier study has shown this to be a good compromise betw
the cavitation threshold and the attenuation of the ultrasou
in tissue~Hynynen, 1991!.

An air-backed ultrasonic transducer was modeled, a
hence the acoustic power was assumed to radiate only f
the concave side of the radiator. The amplitude and phas
each ring were independently controlled, and there was
sumed to be no dead space between adjacent elements
all of the simulations performed, the amplitude of each ri
was set such that the acoustic power output per unit area
all of the rings was equivalent.

The ring spacing configurations resulting from four di
ferent methods used to generate the ring widths were con
ered. The first method resulted in rings of the same wid
when measured on the surface of the transducer~i.e., the arc
widths of the rings were equivalent.! For the second method
the transducer was projected onto theXZ plane, and the di-
visions were equally spaced in this plane. The requirem
for the third method was similar to the method used
Zanelliet al. ~1994!: for a single, chosen point on they axis,

FIG. 1. Schematic illustrating the concentric-ring design.
1221 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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the phase difference of the acoustic waves from each
arriving at this point could vary by no more than 90°, a
hence the distance from this point to the nearest and
farthest edges of each ring could vary by no more thanl/4.
A point was chosen such that the total number of rings
sulting from this method was equal to the number desir
The fourth method was to divide the rings in such a man
that the surface areas of all of the rings were equivale
however, a comparison between the ring spacing resul
from the equal area method and thel/4 deviation method
shows negligible difference. Although these two methods
based on different premises, the resulting ring spacings
the same. Thus, only the first three methods of division n
be separately considered.

B. Calculation of concentric-ring element phasing

The phasing for each ring was calculated from t
middle of the ring, i.e.,r n5(r ni1r no)/2, wherer ni is the
inside diameter of thenth ring andr no is the outside diam-
eter, such that the phase variation from a single ring co
sponds to approximately half of the simple sources lead
the desired phase for the ring, and half lagging, at the fo
spot. The relative phase of thenth ring was calculated as
follows:

un5
dn2d1

l
•360°, ~1!

wheredn is the distance from the middle of thenth ring to
the focus,d1 is the distance from the first ring to the foc
point, andl is the wavelength of sound in tissue. At th
frequency of 1.5 MHz,l51.0 mm. ~Note that the center
element is designated as the first ring with an inner diam
of zero.!

C. Acoustic field calculations

To calculate the resulting pressure field of an ultraso
transducer, the surface of the transducer is viewed as an
semblage of point sources with each source contributin
radially symmetric power field. At each point in the field, th
contributions of all of the point sources are added toget
via superposition as described by O’Neil~1949!. For a non-
attenuating medium, this is accomplished by using
Rayleigh–Sommerfeld integral:

pm5
irck

2p (
n51

N

unE
Sn

e2 ikrmnq

rmnq
dSn , ~2!

where pm is the acoustic pressure at point (xm ,ym ,zm), i
[ A21, r is the density of the medium,c is the speed of
sound,k is the real wave number,un [ Ane

i (vt1un) is the
complex excitation of all point sources on thenth element
with amplitudeAn , frequencyv, and phaseun as explained
in a preceding section,rmnq is the distance to pointm from a
point q on elementn(xnq ,ynq ,znq), andSn is the surface
area of elementn.

Water is used as the coupling medium between
transducer and the tissue to be treated. Water is conside
nonattenuating medium, while tissue is considered a low
tenuating medium. To modify Eq.~2! to take into consider-
1221Fjield et al.: Ring array transducer for ultrasound surgery
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ation the attenuation of tissuee2 ikrmnqmust be replaced with
e2 ikcrmnq, where kc5k2 ia is the complex wave numbe
with an amplitude coefficient of attenuationa.

Once the pressure has been calculated, the power d
sition per unit volume is calculated as

Q~x,y,z!5mabs

upm~x,y,z!u2

Z
, ~3!

wheremabs is the absorption coefficient andZ5rc is the
acoustic impedance of the medium.

As Fig. 1 illustrates, the concentric-ring system is ra
ally symmetric about they axis. Hence, there is no pressu
gradient nor temperature gradient in the azimuth direct
and cylindrical symmetry can be used. Making use of t
symmetry,pm(r ,y)5pm(x,y,0), and the computation tim
can be dramatically reduced.

A preliminary study of the power field versus simp
source spacing and field grid spacing resulted in the deci
to use a simple source spacing of no more than 0.5 mm
both directions on the transducer surface~Ocheltree and Friz-
zell, 1989!. Due to the geometry of the geometrically fo
cused transducer, this source spacing is sufficiently sm
such that any further decrease in size results in a neglig
increase in the accuracy of the power field while significan
increasing computation time. The same holds true for
acoustic field grid spacing of 1.0 mm in the axial directi
and 0.25 mm in the radial direction. These values allow
the fastest computation time with a high degree of accura
The difference between the axial and radial grid spacing
result of the difference in the magnitude of the thermal g
dients produced in the two directions.

D. Thermal modeling

In order to calculate the effect of a power field on t
temperature in tissue, the thermal conductivity of the tis
and the perfusion of blood through the tissue must be ta
into account. The differential equation that relates th
properties to the temperature is the bioheat transfer equa
~Pennes, 1948!:

r tct
]T

]t
5kt¹

2T2vbcb~T2Ta!1Q~r ,y!, ~4!

whereT is the temperature at timet at the location (r ,y), rt
is the density of the tissue,ct is the specific heat of the tissue
kt is the thermal conductivity of the tissue,vb is the blood
perfusion rate,cb is the specific heat of the blood,Ta is the
arterial blood temperature, andQ(r ,y) is the acoustic powe
deposition rate per unit volume, as defined by Eq.~3!. The
tissue was simulated as a homogeneous medium.

The boundary conditions consisted of a temperature
37 °C on the radial extreme of the simulated area, 37 °C
the axial end farthest from the transducer, and 25 °C
37 °C was used at the water/tissue interface. The initial c
dition was 37 °C within the simulated cylinder. Prelimina
investigation of the water/tissue interface boundary condit
showed that using a boundary condition of 25 °C resulted
1222 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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a temperature difference of less than 0.1 °C along the cen
axis except in the first 0.5 mm from the water/tissue inte
face.

Previous studies have shown that there are several
rameters that influence the temperature elevation in tis
~Damianou and Hynynen, 1994!. For long sonication times,
such as those encountered in hyperthermia, blood perfu
rate is one important parameter governing temperature ele
tion. However, the shorter the time of sonication, the le
influence the rate of perfusion has on the temperature ele
tion ~Billard, 1990!. On the other hand, the shorter the tim
of sonication, the less effect conduction has on the tempe
ture field distributions, and thus the smaller the volume
necrosed tissue. In this study sonication times of 10 s w
used, as this is a good compromise between minimizing
temperature dependence on perfusion while maximizing
volume of the necrosis~Damianou and Hynynen, 1994!.

Each simulation assumed there were two media laye
The surface of the tissue was 3 cm from the base of
transducer, with water between the tissue and the transdu
The speed of sound was assumed to be 1500 m/s and
density was 998 kg/m3 for both water and tissue. Table I is
comprehensive list of the parameters used in the ther
simulations. The attenuation coefficienta55 Np/m/MHz
was added tokc in Eq. ~2! as described above to simulate th
effect of attenuation in the tissue.

A numerical finite difference approach was used to so
Eq. ~4!. The maximum value of the time step size which st
yields accurate solutions to this equation has been show
be dependent on the grid spacing. For the spacings qu
above, it was necessary to reduce the time step to 20 ms.
maximum temperature reached in each simulation w
100 °C at the location of the intended focus, accomplish
by scaling the total acoustic output power accordingly.

E. Dose calculations

The thermal dose was calculated based on a techn
suggested by Sapareto and Dewey~1984!. Tissue necrosis
can be predicted by calculating via a numerical integrat
the number of equivalent minutes at some reference temp
ture:

DoseTref~ t !5E
t50

final

RTref2T~ t !dt'(
t50

tfinal

RTref2TDt Dt, ~5!

whereTref is the reference temperature,tfinal5theating1tcooling,
Dt is the small time interval described above,TDt is the

TABLE I. Parameters used in thermal simulations.

Parameter Value Units

rt—tissue density 998 kg/m3

a—attenuation coefficient 5 Np/m/MHz
cb—specific heat of blood 3770 J/kg/°C
ct—specific heat of tissue 3770 J/kg/°C
kt—tissue thermal conductivity 0.5 W/m/°C
vb—blood perfusion rate 1 kg/m3/s
Ta—arterial blood temperature 37 °C
1222Fjield et al.: Ring array transducer for ultrasound surgery
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average temperature over timeDt, andR is the parameter
defined as

R5 H 0.5, for T~ t !>43 °C,
0.25, for T~ t !,43 °C .

The necrosed volume is approximated by finding the surf
which encloses a volume that contains only tissue which
accumulated a thermal dose equivalent to 240 min at
reference temperature ofTref543 °C. It has been shown tha
the trends of tissue necrosis induced by focused ultraso
can be estimated using this method~Damianou and
Hynynen, 1994!.

F. Array construction

The constructed concentric-ring array was machin
from a 1.38-mm-thick, 10-cm-diam, spherically curved le
zirconate titanate~PZT-4! piezoelectric shell with a 10-cm
radius of curvature. The ring configuration consisted of
rings equally spaced in theXZ plane, resulting in a center
to-center spacing of 3.57 mm. These rings were divided
cutting completely through the ceramic between the rin
The machining process produced a gap of approximately
mm between adjacent rings, resulting in a ring width
about 3.3 mm. The space between the elements was fi
with silicone rubber in order to minimize any mechanic
coupling between the rings. The ceramic was then moun
in a waterproof polycarbonate casing, allowing the tra
ducer to be submerged while remaining air backed.

Each element of the array was connected to anLC
matching circuit in order to match the array to 50V at the
operating frequency of the transducer. The array was dri
at 1.54 MHz, and the phase of each channel was inde
dently controlled by an in-house manufactured digital circ
with 4 bits of phase control resolution~Buchanan and
Hynynen, 1994!.

G. Acoustic field measurements

The 14-ring phased array was placed in a tank of
gassed water. Stepper motors scanned a thermistor em
ded in a small bead of silicone across the focal region of
transducer~Martin and Law, 1983!. Measurements were
taken every 1.0 mm in the axial direction and 0.25 mm in
radial direction. The uncertainty in the absolute location
the field is estimated to be about 1 mm in the axial direct
resulting from an imprecision in the location of the starti
point, and the relative accuracy of the equipment is quote
5 mm/25 mm by the scanner frame manufacturer~Daedal,
Harrison City, PA!. The thermistor was manually positione
only once, and therefore the 1 mm uncertainty applies o
to the absolute location of the fields and not to the relat
locations in and between the scans.

H. Total acoustic power measurements

The total acoustic power output from each ring w
measured in degassed water via a radiation force techn
~Stewart, 1982!. The measurements were taken at 1.54 MH
with the input voltages set such that the acoustic out
power from each ring corresponded to a power per unit a
1223 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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of three times that required for the highest power simula
sonication in order to insure the capability of adequate po
delivery for surgery. The power output from each ring w
measured individually, and the results were summed to
termine total transducer acoustic output power.

II. RESULTS

A. Simulation results

Figure 2 is an example of typical axial distributions
power, temperature, and thermal dose resulting from
concentric-ring array. A 16-ring, 10-cm radius of curvatu
transducer was the configuration used to generate this fig
The transducer is electrically focused at 13 cm, yet note
small secondary focus at approximately 7 cm. Although
location of the necrosed region is of primary interest, and
secondary region of necrosis is formed, the temperatur
the secondary focus reaches at least 45 °C. In the clin
environment, a temperature elevation resulting from a s
ondary focus may cause pain, and if not carefully monitor
an unwanted accumulation of thermal dose resulting in
crosed tissue. Considering that multiple sonications are n
essary to treat an entire tumor volume, any temperature
crease outside the primary focus causes an increas

FIG. 2. Simulated results showing an example of the axial distributions
power, temperature, and thermal dose. The transducer geometry simu
consisted of 16 rings.F number 1.0~10-cm radius of curvature! and was
focused at 13 cm.~a! Axial profile of power deposited power.~b! Tempera-
ture profile generated from the power field illustrating the primary and s
ondary focal peaks used to characterize the transducer’s performanc~c!
Accumulated thermal dose received by the tissue along the transdu
center line.
1223Fjield et al.: Ring array transducer for ultrasound surgery
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treatment time, as there must be a long enough delay
tween sonications for the tissue at the secondary focu
cool down such that neither pain nor a second region
necrosis is formed~Damianou and Hynynen, 1993!. Thus,
thermal dose alone is not an adequate indicator of transd
performance. It is also difficult to estimate the temperat
profile from the power profile with a sufficient degree
accuracy. Hence, the temperature profile was used as
primary indicator of transducer performance in this study

Outside of the primary focus, a temperature elevation
43 °C was considered the maximum acceptable secon
temperature elevation, as this is the location of the disco
nuity in the equation for accumulated thermal dose, ab
which dose increases much more rapidly. Also, no pain
caused at this temperature. However, it is important to n
that when one considers that multiple sonications are o
necessary in MRI guided ultrasound surgery, more string
requirements for secondary temperature elevation must
into account, such as the primary necrosis tissue volume
secondary temperature elevation, and the resulting temp
ture increase at the secondary focus after an approp
cool-down time between sonications~Fan and Hynynen,
1996!.

The first design parameter studied was the rela
center-to-center spacing of the rings. Table II lists the
widths resulting from the three methods of division for
rings. The widths shown correspond to a 6-cm radius of c
vature transducer, as this is the smallest radius of curva
transducer simulated, and the smaller the radius of curva
the greater the difference between the arc width of the
ments and equal-radial increment widths. Simulations w
run for each of these ring configurations for transducers w
variousF numbers.

Figure 3 compares the results of the thermal simulati
for the three ring configurations described above for 7-, 1
and 13-cm radius of curvature transducers. A method of r
division was chosen for all subsequent simulations t
would result in an array most practical for MRI guided u
trasound surgery, based on maximum focal range capab
and ring widths that would be practical to realize in a co
structed array. As the graphs show, the quarter-wavele

TABLE II. Comparison of the ring arc-widths for a 6-cm radius of curvatu
array resulting from three different methods of ring division.

Ring #
Equal radial
increment Arc width

Quarter-
wavelength

1 3.57 4.22 10.50
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
8 3.99 4.22 2.98
9 4.14 4.22 2.83
10 4.33 4.22 2.72
11 4.58 4.22 2.62
12 4.90 4.22 2.53
13 5.35 4.22 2.46
14 6.01 4.22 2.40
1224 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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deviation method produces lower secondary temperature
evations when focusing closer to the transducer than
other methods. Later, however, a method is described
reducing the secondary temperature elevations when fo
ing near the transducer. Utilizing this method, less empha
needs to be placed on the secondary temperature eleva
resulting when focusing near the transducer, and the fo
range is more heavily dependent on the ability of the tra
ducer to focus beyond the geometric focus. The arc-wi
division method and the equal-radial increment method
able to move the focus farther past the geometric focus w
less secondary temperature elevation than the qua
wavelength deviation method. However, as is shown m
clearly in the case of the 7-cm radius of curvature transduc
the equal-radial increment method produces lower second
temperature elevations at the extreme focal locations than
equal arc-width method. In addition to resulting in the large
focal range, the equal-radial increment method results in
array which is most practical to construct, in that the rin
are not unacceptably small as would be the case with
equal area method if the number of rings were increased
obtain the same focal range as the equal-radial increm
method. Thus, all subsequent transducer configurati
simulated were based on the equal-radial increment ring
vision.

FIG. 3. Secondary temperature elevation comparison curves for three
ferent methods of ring division.~a! F number 1.3~13-cm radius of curva-
ture!, ~b! F number 1.0~10-cm radius of curvature!, and~c! F number 0.7
~7-cm radius of curvature!. Note that for each point the power was scale
such that the temperature at the primary focus was 100 °C.
1224Fjield et al.: Ring array transducer for ultrasound surgery
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The next parameter considered was the number of rin
Although it is well known that the more rings a transduc
has, the larger its range of focus, there are various cons
tion limitations regarding the maximum number of rin
which can be practically realized. In order to determine

FIG. 4. Temperature comparison curves for various numbers of rings. E
curve represents the secondary temperature elevations resulting fromF
number 1.0~10-cm radius of curvature! transducer with the power scaled fo
each point such that the primary peak always reached 100 °C.Zd is the
distance from the face of the transducer, andZ0 is the geometric focus of the
transducer.

FIG. 5. Temperature comparison curves for variousF numbers. Note that
the diameters of the transducers remained fixed at 10 cm. Each curve
resents the secondary temperature elevations resulting from a 14-ring
ducer.~a! The temperature comparison curves for transducers withF num-
bers greater than 1.0.~b! The temperature comparison curves for transduc
with F numbers less than 1.0.
1225 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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focal ranges achievable by transducers of practical dim
sion, a transducer withF number 1.0 was simulated with
various numbers of rings ranging from 12 to 18 rings, resu
ing in ring widths from 0.417 to 0.278 cm, respectivel
along with a simulation of 100 rings. Established linear arr
theory states that if the individual elements are less thanl/2
wide, unwanted grating lobes can be avoided at any stee
angle ~Steinberg, 1976; Skolink, 1980!. In the case of the
geometrically focused concentric-ring array, where the ste
ing angle from each element is generally significantly le
than that of a linear array, 100 rings can be considered
ideal case.

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

For the practical array, the main limiting criteria is th
minimum realizable ring width. Based on previous expe
ence with piezoceramics, it was assumed that the minim
practical ring size is limited to about 3 mm. However, the
simulations did not take into account any dead space
tween the rings, as this parameter is dependent on
method of construction. Many applicable construction te

ch
n

rep-
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rs

FIG. 6. Effect of turning off outer rings. These graphs represent the a
temperature distributions for a 14-ring transducer phased to focus at 6
with outer elements turned off. TheF number of this transducer is 1.3
~13-cm radius of curvature!, and the power is scaled such that the maximu
temperature reached is 100 °C for each sonication.~a! The centerline profile
for this transducer with all 14 rings powered. Each successive graph re
sents a higher effectiveF number achieved by powering one fewer rin
from ~b! with 13 rings powered to~f! with 9 rings powered.
1225Fjield et al.: Ring array transducer for ultrasound surgery
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niques will yield a dead space from 0.3 to 0.5 mm, and w
this in mind, 14 rings~3.57-mm center-to-center spacing!
was considered as a compromise between theoretical pe
mance and assumptions regarding construction limitatio
As the goal of this study is to examine the effects of vario
parameters on the focal capabilities of the concentric-r
array of practical dimensions, the transducers modeled in
following simulations are all composed of 14 rings.

The effective focal range of a transducer with a give
number of rings can be altered by moving the geomet
focus, which translates to changing theF number of the
transducer. Setting the diameter of the transducer to 10
and varying theF number results in the secondary temper
ture elevation curves shown in Fig. 5. As can be seen fr
the figure, the effective ranges of the transducer cen
around their geometric foci, and the effective range also
creases with increasedF number. For example, the trans
ducer withF number 1.3 is capable of focusing over a ran
from 8 to 15 cm. On the other hand, the transducer withF
number 1.0 was capable of focusing from 7 to 12 cm.

Division of the depth of the intended focal location b
the diameter of the transducer results in an effectiveF num-
ber, and as shown above, a largerF number results in a
larger range of focus. This would lead one to believe that
order to focus at depths near the face of the transducer,

FIG. 7. Performance curves for three transducers of optimum design wi
preset construction limits. Each transducer has 14 rings.~a! Far focal range
transducer withF number 1.3~13-cm radius of curvature!. ~b! Middle focal
range transducer withF number 1.0~10-cm radius of curvature!. ~c! Close
focal range transducer withF number 7.0~7-cm radius of curvature!. The
numbers near the points represent the number of rings turned off in e
case to reduce the secondary temperature elevations to below 43 °C
43 °C is considered the maximum acceptable secondary temperature e
tion.
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should decrease the diameter of the transducer in ord
increase the effectiveF number. With the concentric-rin
array, this can be accomplished dynamically by reducing
acoustic power contribution of the outer rings.

Figure 6 is an example of the axial temperature profi
for a transducer with and without any outer rings turned
Typically, the more rings turned off and the higher the
sulting effectiveF number, the lower the secondary tempe
ture elevations. However, increasing theF number also re-
sults in longer primary focal peaks in the axial direction, a
thus the minimum number of rings should be turned off t
is necessary to reduce the secondary temperature elevat
below 43 °C.

Figure 7 illustrates the maximum theoretical foc
ranges attainable for three transducers with differentF num-
bers, each with 14 rings. The secondary temperature e
tion at the inner focal limit for each transducer were attai
by turning off the minimal number of outer rings necess
to reduce the secondary temperature elevation to be
43 °C.

Simulations show that the width of the dead space
tween the elements affects the focal range of the transdu
the larger the dead space, the more limited the post-f
range. Available machining methods result in a dead sp
of approximately 0.3 mm, and as the goal of this study
practical transducer design, this minimum dead space lim
tion must be taken into account. Figure 8 consists of t
dimensional necrosed tissue volume boundary plots for a
of selected focal locations over the range of focus of f
14-ring transducers withF numbers 0.7, 1.0, and 1.3 and o
20-ring transducer withF number 1.3. All four of these
transducers were modeled with a 0.3-mm dead space.~Note
that the focus can be placed at any location within the tra
ducer’s effective range by selecting proper phasing.! In Fig.
8~a!–~c!, the outer rings were turned off as specified in F
7. If it were possible to construct rings that were only 2 m
wide, construction of a 20-ring transducer would then

in

ch
as
va-

FIG. 8. Simulated necroses formed by four transducer designs w
0.3-mm kerf between the rings:~a! 14 rings, 7-cm radius of curvature,~b! 14
rings, 10-cm radius of curvature,~c! 14 rings, 13-cm radius of curvature
and ~d! 20 rings, 13-cm radius of curvature. For the necroses neares
transducer, the outer rings were turned off as specified in Fig. 7.
1226Fjield et al.: Ring array transducer for ultrasound surgery



tions
FIG. 9. Comparison of simulated transducer performance~dotted line! versus measured performance of constructed transducer~solid line!. The graphs in this
figure represent the axial pressure-squared distribution. The peak heights of each curve has been normalized to 1.0. Graphs~a!–~h! correspond to foci at 6, 7,
8, 9, 10, 11, 12, and 13 cm, respectively. Graph~i! illustrates the effect of turning off the outer rings by showing the theoretical and actual axial distribu
for a focus at 6 cm with eight of the outer rings turned off.
o
i
a
s
s
e

e
ru
t

the
be-
tral
he
ca-
red
-
of
a
cal
d as
ak
possible. Figure 8~d! consists of the two-dimensional necr
sed tissue volume boundary plots for a 20-ring, 13-cm rad
of curvature transducer with the same 0.3-mm dead sp
@In Fig. 8~d!, the method of turning off the outer rings wa
used to reduce the secondary temperature elevations re
ing when the focus is near to the surface of the transduc#

B. Acoustic field measurements

In order to compare the fields produced by the exp
mental array to the simulated fields, simulations were
using the actual geometry of the constructed array sonica
into water. The phases used in the these simulations w
1227 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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rounded to the nearest 22.5°, the resolution at which
experimental array was driven. Figure 9 is a comparison
tween the pressure-squared distributions along the cen
axis of the experimental array and the simulation results. T
theoretical predictions and the measured values of the lo
tions of the focal peaks and their associated widths measu
at full-width half-maximum along with the maximum sec
ondary intensity are compared in Table III. The values
primary peak location and width were obtained by fitting
Gaussian function to the theoretical and measured fo
peaks, and the maximum secondary intensity was define
the maximum intensity outside of the primary focal pe
auss-
ring the

d

TABLE III. Comparison of the theoretical and measured performance of the constructed 14-ring,F number 1.0
transducer. The primary peak location and full-width half-maximum values were determined by fitting a G
ian curve to the theoretical and measured data. The secondary peak intensity was determined by measu
maximum intensity outside of the primary focal peak.

Primary focal peak Secondary peak

Location
~cm!

Full-width half-max
~cm!

Maximum intensity
~normalized!

Focus~cm! Predicted Measured Predicted Measured Predicted Measure

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
1227Fjield et al.: Ring array transducer for ultrasound surgery
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region. Figure 10 is a comparison of the actual and simula
two-dimensional contour plots for a focus of 12 cm from t
base of the transducer.

The theoretical predictions for the 14-ring,F number 1.0
array were verified by the constructed array. As was sho
in Table III, the difference in location of the focal peaks
predicted and measured was always less than 1 mm, ex
for the case when eight of the outer rings were turned off
the focus was at 6 cm. The full-width half-maximum valu
varied from theoretical to measured by no more than
mm, except in the latter case where the deviation was
mm. The discrepancy found in the case when the outer r
are turned off can be attributed to a lack of sufficient pow
control in the driving equipment that resulted in too mu
power being delivered to the central elements and
enough power delivered to the outer elements. The ave
percentage difference in secondary peak intensities betw
the theoretical and the predicted values was 8.3%. T
these data are in excellent agreement with the theore
predictions and thus verifies the validity of the simulati
results.

C. Acoustic power measurements

The simulation results show that for the manufactu
transducer’s geometry the maximum power per unit area
curs when the transducer is focusing at 6 cm with 8 of
outer rings turned off. For this sonication, the simulatio
predict a total acoustic output power of 31.4 W, or an int
sity of 2.2 W/cm2 over the inner 6 rings, in order to reac
100 °C in 10 s. Each ring of the transducer was indep
dently powered at an amplitude inversely proportional to
square root of the ring’s area, such that the acoustic inten
was three times 2.2 W/cm2, or 6.6 W/cm2 for each ring,
where the factor of three has been added to insure adeq
equipment reserve. Each ring was tested individually w
the absorbing brush located approximately 2 cm from
surface of the transducer, thus insuring that cavitation

FIG. 10. Contour plots representing the two-dimensional fields of the s
lated and actual transducers.~a! Theoretical field plot for a focus at 12 cm
and ~b! plot of measured field from constructed array. The contour inte
is 10%.
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not a problem. A summation of the output powers of all t
rings results in 585 W of acoustical power. No problem
were encountered with powering the rings at these des
intensities.

III. DISCUSSION

This study has illustrated the effects of number of ring
ring configuration, andF number on the focal range of th
concentric-ring array. The results have shown that it is p
sible to construct a concentric-ring transducer of practi
dimensions which allows significant focal range in the ax
direction. An experimental array has been constructed
acoustic field measurements have verified the simulation
sults. The analysis presented here shows that the concen
ring design promises significant advances in MRI guided
trasound surgery.

The simulation results indicate that the focal range o
concentric-ring array is dependent on the method of ring
vision, yet less so than on the number of rings, radius
curvature, and overall diameter of the transducer. Divid
the transducer by the quarter-wavelength method result
an array that is capable of focusing in the range between
point chosen for the division and a point beyond the geom
ric focus of the transducer without producing secondary te
peratures of over 43 °C. When the focal point is moved
yond this range, however, the output of the transdu
deteriorates at a rate greater than that of the arrays create
using the other two methods. As an example, the secon
temperature elevation for theF number 1.0 transducer focus
ing at 12 cm as shown in Fig. 3 is 49.3 °C for the quart
wavelength deviation method and only 42.9 °C for the oth
two methods, resulting in almost 1 cm less focal range
the quarter-wavelength deviation method transducer.

There are certain advantages that an array with eq
area rings has over an array with equal radial increments
it is desirable to power the concentric ring array with un
form intensity, equal surface area rings would be of nea
equal impedance and would thus place similar loads on
driving amplifiers. However, as is shown in Fig. 3, the equ
area transducer does not have as large a focal range a
transducers with equal radial increment or equal arc width
addition, to create equal area rings, the ring widths m
become increasingly smaller as the diameter of the ring
creases. The 13-cm radius of curvature transducer with
rings would require the outermost ring to be only 0.178 c
wide, as opposed to the 0.357-cm width resulting from
equal radial increment method. Thus, the ring widths
quired for an equal element area transducer are too sma
be practically constructed.

Although the equal-radial increment method was judg
to yield the best configuration, the quarter-wavelength dev
tion method still provides useful information. Note that th
innermost ring resulting from the quarter-wavelength dev
tion as shown in Table II is considerably larger than t
corresponding ring resulting from the equal-radial increm
method. Thus, a number of the inner rings on the equ
radial increment transducer could be combined without
ducing the performance of the transducer as long as the
width of the combined rings remains less than that de

u-

al
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ltra-
mined by the quarter-wavelength deviation criterion. No
however, that the Table II values were generated by choo
a focal point of 5.3 cm for a 6-cm radius of curvature tra
ducer in order to result in a total of 14 rings. To apply t
quarter-wavelength deviation method in order to decrease
total number of rings by increasing the size of the cen
element, a focal point for the division must be chosen
produce a transducer with the desired focal range as opp
to a specific number of rings. This method suggests tha
the 13- and 10-cm radius of curvature transducers, the i
two elements can be combined without degrading transd
performance.

As was shown in Fig. 5, largerF numbers result in
greater focal ranges. This result suggests that the focal r
of a transducer may be increased by turning off the o
rings and thus increasing theF number of the transduce
The results obtained by turning off rings, as shown in Fig
and 7, can be understood by examining the geometry of
concentric-ring transducer and its effect on the phase co
ence of the wavelets generated by each ring. Because
rings have a finite width, the only point along the central a
which is equidistant to all points on the surface of any giv
ring is the geometric focus of the transducer. However, as
focus is moved from the geometric focus, the relative ph
angle between all of the points on one ring and all of
points on another ring changes by specific, discrete amo
The finite width of the rings has the effect that the acou
wavelets from a single ring arriving at any point along t
central axis other than the geometric focus will not all be
phase. The result is ring self-cancellation and power dep
tion at a point other than the intended focus. The amoun
which this variation of wavelet phase occurs is dependen
the width of the ring in question and on the angle betw
the vector normal to the surface of the ring and the line fr
the middle of the ring to the point of interest on they-axis.
The geometry dictates that this angle increases more ra
for the outer elements than for the inner elements as
intended focus is moved away from the geometric focus.
either the width of the ring or this angle becomes gr
enough, the ring will deposit less power near the focus t
elsewhere in the field. When this happens, the percentag
total power contributed by this ring must be reduced to p
vent secondary foci. Turning the ring completely off allow
one to extend the focal range towards the transducer wit
increasing the number of rings or adding other complexi
to the system. This method does not apply to increasing
maximum depth of focus, because in the attempt to move
focus as deep as possible, the effectiveF number has been
maximized. Thus, turning off the outer rings and there
increasing the effectiveF number no longer has a positiv
contribution on the focal range.

For MRI guided ultrasound surgery, where a 10-cm
cal range is desired, these results suggest that a trans
with F number 1.3 should be used to cover 9 cm of
range, from 6 to 15 cm as shown in Fig. 7. Unfortunately
the smallest attainable ring width is 0.3 cm, approximat
14 rings is the maximum number of realizable rings wh
dead space between rings is taken into account. With onl
rings, this transducer is not capable of focusing in the ra
1229 J. Acoust. Soc. Am., Vol. 100, No. 2, Pt. 1, August 1996
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from 4 to 6 cm. Thus, another transducer specifically d
signed for this range of focus is necessary. The transdu
with 14 rings andF number 0.7 is effective over the foca
range of 4 to 8 cm, and the 2-cm overlap of focal rang
between these two transducers would allow treatment o
tumor volume located anywhere from a depth of 4 to 15 c

The limitations on ring width and shape are based a
most entirely on the construction methods currently ava
able. It may be possible that minimum practical ring widt
could be as small as to 2.0 mm, which would allow constru
tion of a 20-ring array. In fact, as shown in Fig. 8~d!, the
simulations predict that a 20-ring array constructed in t
same manner as the 14-ring array may cover the entire fo
range from 4 to 15 cm desired for MRI guided ultrasoun
surgery.

IV. CONCLUSION

The large axial focal range of the concentric-ring phas
array may be used to greatly reduce the volume occupied
the mechanical positioning device used in MRI guided ultr
sound surgery. The results presented here have illustrated
effects of a few of the various parameters in concentric-ri
transducer design. Undoubtedly, there are many other imp
tant factors governing transducer design than those discus
above, however this work should provide a good starti
point for concentric-ring applicator design.
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