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(7) ABSTRACT

An ultrasound transducer and methods of fabricating and
using the ultrasound transducer. The ultrasound transducer
includes a composite layer having a first surface and compris-
ing a plurality of piezoelectric elements separated by isolat-
ing material filled kerfs. The composite layer is configured so
that the first surface includes an exposed face of each element
of the plurality of piezoelectric elements. The transducer
further includes a plurality of electrodes defined on the first
surface, the electrodes having boundaries configured so that
none of the exposed faces are in contact with more than one of
the plurality of electrodes. The electrodes may be defined in a
conductive layer deposited on the first surface of the compos-
ite body by forming a channel in the conductive layer that is
aligned vertically with the dielectric kerfs. The transducer
may be used to scan a treatment region with both HIFU and
imaging ultrasound signals.
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ULTRASONIC TRANSDUCER

TECHNICAL FIELD

[0001] The present invention relates generally to medical
ultrasound systems and, more particularly, to multi-element
ultrasound transducers having reduced cross-talk between the
elements, and methods of using and fabricating the same.

BACKGROUND

[0002] Ultrasound is commonly known for its uses in non-
therapeutic medical procedures, such as tissue imaging for
diagnostic purposes. High Intensity Focused Ultrasound
(HIFU) is a medical procedure that uses highly focused ultra-
sound energy to heat and destroy diseased or other unwanted
tissue. HIFU systems thereby use ultrasound energy to pro-
vide therapeutic benefits in a non-invasive manner. In order to
achieve the desired physical effects in the targeted tissue,
HIFU involves much higher acoustic intensity levels than
diagnostic ultrasound. These high acoustic energy levels are
typically obtained by using a transducer that focuses the
ultrasound into a focal zone below the skin of the patient
being treated. HIFU transducers are therefore typically
formed with a spherical shape to provide a nominal focal
distance near the middle of a desired range of focal depths.
HIFU transducers may also include an array of elements so
that the focal distance may be electrically adjusted relative to
the nominal focal distance. To treat a desired region of the
patient that is larger than the focal zone, the transducer may be
moved relative to the region being treated, and/or the focal
distance of the transducer adjusted. In this way, the focal zone
may be moved to different positions within the desired treat-
ment region until a sufficient dose of HIFU has been deliv-
ered.

[0003] Thus, thereis a need for improved devices, systems,
and methods for delivering ultrasound energy to selected
regions within a patient using transducers having electrically
adjustable focal distances.

BRIEF SUMMARY

[0004] In one embodiment, an apparatus is provided that
includes a composite layer having a first surface and a second
surface generally parallel to the first surface. The composite
layer includes an isolating material and a plurality of piezo-
electric elements, each of the piezoelectric elements being
suspended in the isolating material and having a face exposed
on the first surface of the composite layer. The apparatus
further includes a plurality of electrodes on the first surface of
the composite layer. Each electrode is directly coupled to at
least one of the faces and is configured so that the face of each
of the piezoelectric elements is directly coupled to no more
than one electrode of the plurality of electrodes.

[0005] In another embodiment, a method is provided for
fabricating an ultrasound transducer. The method includes
providing a substrate that includes a piezoelectric layer, and
forming a plurality of kerfs in the substrate to define a plural-
ity of piezoelectric elements that are separated by the kerfs.
The kerfs are filled with an isolating material to form a com-
posite layer having a first surface. The composite layer
includes the plurality of piezoelectric elements, each of the
piezoelectric elements being separated from adjacent piezo-
electric elements by the isolating material. The method fur-
ther includes forming a plurality of electrodes on the first
surface of the composite layer, the electrodes being defined so
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that each piezoelectric element is directly coupled to no more
than one electrode of the plurality of electrodes.

[0006] In another embodiment, a method is provided for
treating a patient with ultrasound. The method includes gen-
erating a High Intensity Focused Ultrasound (HIFU) focal
zone with a transducer, and scanning the HIFU focal zone
across a treatment region to provide a therapeutic dose of
ultrasound energy to a portion of the treatment region. The
method further includes generating an ultrasound imaging
beam with the transducer, and scanning the ultrasound imag-
ing beam across the treatment region. Echoes of the ultra-
sound imaging beam are received with the transducer, and an
image of the portion of the treatment region is generated from
the received echoes.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0007] The accompanying drawings, which are incorpo-
rated in and constitute a part of this specification, illustrate
various embodiments of the invention and, together with the
general description of the invention given above and the
detailed description of the embodiments given below, serve to
explain the embodiments of the invention.

[0008] FIG. 1 is a diagrammatic view of a High Intensity
Focused Ultrasound (HIFU) treatment and imaging system
including a console, treatment head, and a Replaceable Treat-
ment Cartridge (RTC).

[0009] FIG. 2 is a schematic of the HIFU system of FIG. 1
showing additional details of the system.

[0010] FIG. 3is across-sectional view of anembodiment of
the RTC of FIG. 1 showing details of an ultrasound transducer
assembly.

[0011] FIGS. 4A-4E are cross-sectional views that illus-
trate a process for forming a piezoelectric composite layer.
[0012] FIGS. 5A-5C are perspective views that illustrate a
process for fabricating a transducer from the composite layer
of FIG. 4E.

[0013] FIG. 6 is a cross-sectional view of a transducer
including a matching layer and compound piezoelectric ele-
ments having active and de-matching sections.

[0014] FIG. 7 is a top view of a transducer in accordance
with an embodiment of the invention.

[0015] FIG. 7A is a close-up view of an area of the trans-
ducer in FIG. 7 showing additional details of the transducer.
[0016] FIG. 8 is a cross-sectional view of a region of a
patient to be treated with HIFU.

[0017] FIG. 91is atop view of the treatment region of FIG.
8 showing a pattern of scan lines.

DETAILED DESCRIPTION

[0018] Embodiments of the invention are generally related
to multi-element transducers for High Intensity Focused
Ultrasound (HIFU) systems. In an embodiment of the inven-
tion, the transducer includes a layer of composite material
that includes a plurality of piezoelectric pillars or elements
separated by an isolating material, such as an epoxy. The
composite layer may be formed by cutting kerfs in a solid
layer of piezoelectric material and/or a multilayer material
including piezoelectric and de-matching layers, and deposit-
ing the isolating material in the kerfs. The transducer may also
include a plurality of annular electrodes on a first surface of
the composite layer. The electrodes may be defined in a layer
of conductive material on the first surface of the composite
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layer by a plurality of channels that separate the electrodes. To
improve isolation between the annular electrodes, the chan-
nels are configured so that the electrodes do not share piezo-
electric elements. This may be achieved by vertically aligning
the channels separating the electrodes with the isolating
material filled kerfs. By configuring the channels to coincide
with the isolating material filled kerfs, electro-mechanical
cross-talk between annular array elements of the transducer
may be reduced without introducing deleterious mixed-mode
vibrations.

[0019] Thereduced crosstalk between elements that results
from this improved isolation may allow the individual annu-
lar elements to be driven with signals having larger relative
delays. This increase in the range of relative delays may in
turn increase the adjustable depth of focus for the transducer,
which may improve ultrasound imaging detail. The improved
depth of focus may be particularly advantageous in planar
transducer arrays, which are typically limited by their mini-
mum electrically adjustable focal distance. Because ultra-
sound imaging requires good depth of focus, the improved
depth of focus and larger bandwidths provided by embodi-
ments of the invention may allow ultrasonic images to be
generated during HIFU treatment using a shared transducer.
[0020] FIG.1illustrates an exemplary HIFU system 10 that
includes a console 12 and a treatment head 14. The treatment
head 14 includes ahandpiece 16 that couples to the console 12
via a cable 18, and a Replaceable Treatment Cartridge (RTC)
20 that is removably coupled to the treatment head 14. The
console 12 may include a display 22 and a base unit 24
comprising a housing 26 that provides space for system cir-
cuitry and that serves as a platform for the system 10. The
display 22 may include a touch screen device that provides a
user interface 28 which allows an operator to control the
system 10. A plurality of wheels 30 may be coupled to the
base unit 24 so that the system can be rolled between areas
where patients are treated. A connection point 32 having one
or more signal ports and that is configured to accept a con-
nectorized end of cable 18 may be provided in the base unit 24
to facilitate coupling different treatment heads 14 to the con-
sole 12. The base unit 24 may also include one or more
receptacles 34 that provide a convenient storage place for
system components and accessories, such as the handpiece
16.

[0021] FIG. 2 is a block diagram of the HIFU system 10
illustrating details of the treatment head 14, as well as an
ultrasound transceiver 36 and system controller 38, which
may be located in the console 12. The RTC 20 of treatment
head 14 may include an ultrasound transducer 40 that is
mechanically coupled to an actuator 42 in the handpiece 16.
The actuator 42 may be operatively coupled to the controller
38 and configured to selectively position the transducer 40
within the RTC 20 in response to signals from the controller
38. The ultrasound transceiver 36 may be operatively coupled
to the transducer 40, and is configured to transmit ultrasound
signals to, and receive ultrasound signals from the transducer
40. The transceiver 36 may also be configured to process
ultrasound signals through one or more beam-forming cir-
cuits to electrically adjust the focal distance of the transducer
40.

[0022] Thecontroller 38 includes a processor 44, a memory
46, and an input/output (1/O) interface 48. The user interface
28 may be operatively coupled to the processor 44 of control-
ler 38 in a known manner to allow a system operator to
interact with the controller 38. The processor 44 may include
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one or more devices selected from microprocessors, micro-
controllers, digital signal processors, microcomputers, cen-
tral processing units, field programmable gate arrays, pro-
grammable logic devices, state machines, logic circuits,
analog circuits, digital circuits, or any other devices that
manipulate signals (analog or digital) based on operational
instructions that are stored in the memory 46. Memory 46
may be a single memory device or a plurality of memory
devices including but not limited to read-only memory
(ROM), random access memory (RAM), volatile memory,
non-volatile memory, static random access memory
(SRAM), dynamic random access memory (DRAM), flash
memory, cache memory, or any other device capable of stor-
ing digital information. Memory 46 may also include a mass
storage device (not shown) such as a hard drive, optical drive,
tape drive, non-volatile solid state device or any other device
capable of storing digital information.

[0023] Processor 44 may operate under the control of an
operating system 50 that resides in memory 46. The operating
system 50 may manage controller resources so that computer
program code embodied as one or more computer software
applications, such as a controller application 52 residing in
memory 46 may have instructions executed by the processor
44. In an alternative embodiment, the processor 44 may
execute the applications 52 directly, in which case the oper-
ating system 50 may be omitted. The I/O interface 48 opera-
tively couples the processor 44 to other components of the
HIFU system 10, including the ultrasound transceiver 36 and
actuator 42. The I/O interface 48 may include signal process-
ing circuits that condition incoming and outgoing signals so
that the signals are compatible with both the processor 44 and
the components to which the processor 44 is coupled. To this
end, the I/O interface 48 may include analog to digital (A/D)
and/or digital to analog (D/A) converters, voltage level and/or
frequency shifting circuits, optical isolation and/or driver cir-
cuits, and/or any other analog or digital circuitry suitable for
coupling the processor 44 to the other components of the
HIFU system 10.

[0024] Referring now to FIG. 3, the RTC 20 may include a
housing 54 having an upper chamber 56 and a lower chamber
58. The lower chamber 58 may include an acoustically trans-
parent window 60 through which acoustic energy may be
coupled to a patient, and an ultrasound transducer assembly
62 that includes the transducer 40. The transducer 40 may be
coupled to the transducer assembly 62 via a mounting flange
64 that is bonded or otherwise attached to the perimeter of the
transducer 40. The mounting flange 64 may provide a resil-
ient surface for coupling the transducer 40 to the transducer
assembly 62. The transducer assembly 62 may serve as a heat
sink for the transducer 40 as well as coupling the transducer
40 to a mechanical interface 66 via a control arm 68. The
transducer 40 may thereby be moved or pivoted within the
lower chamber 58 with the control arm 68 by applying force
to the mechanical interface 66. In alternative embodiments,
the transducer assembly 62 may be fixedly coupled to the
RTC 20, in which case the control arm 68 may be omitted, or
may be coupled to the RTC 20 by another type of mechanism,
such as an x-y positioner. Persons having ordinary skill in the
art will therefore understand that embodiments of the inven-
tion are not limited to an RTC 20 that locates the transducer
assembly 62 with a control arm 68.

[0025] In embodiments including the control arm 68, the
control arm 68 may be located by a ball mount 70 so that the
transducer assembly 62 can be oriented within the lower
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chamber 58 via the mechanical interface 66. The lower cham-
ber 58 may be filled with a coupling medium 72, such as
degassed water. The coupling medium 72 may acoustically
couple the transducer 40 to the window 60 as well as conduct
heat away from the transducer assembly 62. A partition 74
separates the upper chamber 56 from the lower chamber 58 so
that the coupling medium 72 is confined to the lower chamber
58. The partition 74 may include a sealed aperture 76 that
provides a pass-through for a transducer coupling cable 78
that electrically couples the transducer 40 to the transceiver
36 via an electrical interface 80.

[0026] Referring now to FIGS. 4A and 4B, the transducer
40 may be fabricated from a solid piece of piezoelectric
material 82 having a desired transducer shape, such as a disk
having atop surface 84 and a bottom surface 86. For example,
the piezoelectric material 82 may be a disk of Lead Zirconate
Titanate (PZT-8) or equivalent having a diameter d of
between 15 and 16 mm and a thickness t; of between 0.4 and
0.5 mm in the case of a transducer for use at a frequency of
3.75 MHz. For a transducer intended to operate at a lower
frequency, such as 2.00 MHz, the dimensions of the piezo-
electric material may be larger. For example, the diameter d
may be about 38 mm and the thickness t, between 1.1 and 1.2
mm for a transducer intended to operate at 2.00 MHz. As
illustrated in FIG. 4B, to provide support to the piezoelectric
material 82 during fabrication of the transducer 40, the bot-
tom surface 86 of piezoelectric material 82 may be bonded to
a support layer 88, such as a polyester or thermoplastic film
carrier.

[0027] Referring now to FIG. 4C, the support layer 88 may
maintain the positions of a plurality of piezoelectric elements
90 defined from the piezoelectric material 82 by kerfs 92. The
kerfs 92 may be cut to a depth that reaches the bottom surface
86 of piezoelectric material 82 so that the resulting piezoelec-
tric elements 90 are fully separated, as shown. The kerfs 92
may also stop just short of the bottom surface 86, in which
case the elements 90 may be connected by a thin layer of the
remaining piezoelectric material 82. Typically, the kerfs 92
are formed by dicing the piezoelectric material 82 with a saw,
although the kerfs 92 may be formed using any suitable
method, such as patterning a masking layer using photoli-
thography followed by an etching step. Typical dimensions of
the kerfs 92 for a transducer 40 intended to operate at 3.75
MHz may be a width of between 0.025 mm and 0.060 mm,
and a pitch of about 0.25 mm. Typical dimensions for the
kerfs may vary based on the intended frequency of operation.
For example, a 2.00 MHz transducer 40 may have kerfs 92
with a width of between 0.045 and 0.056 mm and a pitch of
between 0.36 and 0.55 mm. In an embodiment of the inven-
tion intended to operate with a center frequency of3.75 MHz,
51 kerfs 92 may be cut in each of two horizontal directions to
define 2500 individual piezoelectric elements 90.

[0028] Referring now to FIG. 4D, after the kerfs 92 are
formed, they may be filled with an isolating material 94 to
form dielectric regions between the piezoelectric elements
90. Suitable isolating materials may include an epoxy, poly-
met, resin, or any other material that can flow into the kerfs 92
while in a fluid state and be cured to a solid state that provides
sufficient mechanical strength to hold the piezoelectric ele-
ments 90 in place. For example, the isolating material 94 may
be a heat cured epoxy having a shore hardness =80. To pro-
vide a clean surface and promote adhesion, the diced piezo-
electric material 82 may be plasma etched prior to deposition
of the isolating material 94. The isolating material 94 may
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also be sufficiently compliant at ultrasound frequencies so as
to provide acoustic isolation between the piezoelectric ele-
ments 90. A composite body or layer 98 may thereby be
formed that includes piezoelectric elements 90 that are elec-
trically and acoustically isolated from each other by the iso-
lating material 94. The isolating material 94 provides support
and maintains the piezoelectric elements 90 in a fixed position
relative to one another. The resulting composite layer 98
thereby comprises the individual piezoelectric elements 90
and the isolating material 94 used to suspend and hold the
elements 90 in place.

[0029] Referring now to FIG. 4E, after the isolating mate-
rial 94 has cured, a top surface 100 of composite layer 98 may
be formed by grinding or lapping to remove excess isolating
material 94. Lapping the top surface 100 of composite layer
98 may also planarized the top surface 100 and expose top
faces 102 of the piezoelectric elements 90. Similarly, grind-
ing or lapping may be used to remove the support layer 88.
This lapping may also form a planarized bottom surface 104
of composite layer 98 that likewise includes exposed bottom
faces 106 of the piezoelectric elements 90. Lapping the bot-
tom surface 104 may also be used to adjust the final thickness
t, of the composite layer 98, and to isolate the piezoelectric
elements 90 in cases where thekerfs 92 are not cut completely
through the piezoelectric material 82. For example, in an
alternative embodiment of the invention, depth of the kerfs 92
may such that a sufficient amount of the piezoelectric material
82 remains to hold the piezoelectric elements 90 in place until
the isolating material 94 is cured. In this alternative embodi-
ment, the support layer 88 may be omitted. In another alter-
native embodiment, a layer of de-matching material (not
shown) may be bonded to the bottom surface 86 of piezoelec-
tric material 82 prior to processing. In this embodiment, the
kerfs 92 may be cut completely through the de-matching
layer, or may be cut only part way through or into the de-
matching layer to form compound piezoelectric elements 90
including a section comprised of the piezoelectric material 82
and a section comprised of the de-matching material.

[0030] In any case, a typical composite layer 98 for a 2.00
MHz transducer may have a final thickness t, of between 0.83
and 0.87 mm, while the thickness of the composite layer 98
for a3.75 MHz transducer may be between 0.4 and 0.45 mm.
The resulting composite layer 98 includes the plurality of
piezoelectric elements 90 suspended in the isolating material
94. The piezoelectric elements 90 are oriented so that the top
face 102 of piezoelectric element 90 is exposed and generally
level with the top surface 100 of composite layer 98, and the
bottom face 106 of piezoelectric element 90 is exposed and
generally level with the bottom surface 104 of composite
layer 98. In an embodiment of the invention, the piezoelectric
elements 90 may be in the form of vertical pillars having a
rectangular cross-section.

[0031] Referring now to FIG. 5A, the resulting composite
layer 98 may be in the form flat disc comprised of a plurality
of columnar piezoelectric elements 90 having rectangular
horizontal cross sections and held together by the isolating
material 94. Although the composite layer 98 is shown in the
illustrated embodiments as a flat disk, in alternative embodi-
ments, the composite layer 98 may have other shapes, such as
a square.

[0032] As shown in FIG. 5B, a first conductive layer 108
may be deposited on the top surface 100 of composite layer
98. A second conductive layer 110 may be deposited on the
bottom surface 104 of composite layer 98 so that electrical
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fields can be applied vertically across the piezoelectric ele-
ments 90. The conductive layers 108, 110 may be deposited
by any suitable method, such as chemical deposition, sput-
tering, evaporation, and/or plating one or more layers of a
suitable metal, such as copper, gold, or aluminum onto the
respective surface 100, 104 of composite layer 98. For
example, the conductive layers 108, 110 may be formed by
sputtering 0.75 to 1.0 microns of gold over an adhesion seed
layer, such as titanium. To provide a clean surface on which to
deposit the metal, the composite layer 98 may be plasma
etched prior to deposition of the conductive layers 108, 110.
In an alternative embodiment, the entire outer surface of the
composite layer 98 may be coated with a conductive layer in
a single step. In this alternative embodiment, the first and
second conductive layers 108, 110 may be electrically
coupled by a circumferential layer (not shown) of the sput-
tered gold that is deposited on the vertical side surface of the
composite layer 98.

[0033] Referring now to FIG. 5C, aradiating region 112 of
the transducer 40 may be formed by a plurality of electrodes
114 defined in the second conductive layer 110. Each of the
electrodes 114 may be electrically coupled to the bottom
faces 106 of one or more elements of the plurality of piezo-
electric elements 90 so that voltages coupled to the electrodes
114 produce electric fields across the corresponding piezo-
electric elements 90 of transducer 40.

[0034] Referring now to FIG. 6, to improve the efficiency of
the transducer 40, an acoustic matching layer 116 may be
coupled to the bottom surface 104 of composite layer 98. The
acoustic impedance Z of a substance is defined by Z=pxC,
where C is the sonic velocity in the material and p is the
density of the material. When an acoustic wave encounters a
boundary between materials having different acoustic imped-
ances, part of the acoustic wave is reflected back toward the
source of the acoustic energy. The acoustic impedance and
layer thickness of the matching layer 116 may be chosen to
produce destructive interference in waves reflected from the
interfaces between the coupling medium 72, the piezoelectric
elements 90, and the matching layer 116. This destructive
interference may reduce or cancel the reflected waves so that
a larger fraction of the acoustic energy generated by the
transducer 40 is coupled into the coupling medium 72. The
acoustic matching layer 116 may thereby match the acoustic
impedance of the piezoelectric elements 90 to the acoustic
impedance of the coupling medium 72 and improve the effi-
ciency of the transducer 40. The matching layer 116 may also
increase the amount of acoustic energy that 1s coupled from
the coupling medium 72 to the piezoelectric elements 90,
which may increase the sensitivity of the transducer 40 when
used for imaging applications. Although shown as a single
layer in FIG. 6, the matching layer 116 may include a plurality
of layers having various impedances and thicknesses to
improve the impedance match over an operational frequency
range of the transducer 40. For example, the matching layer
116 may include two or more layers of materials having
various thicknesses and acoustic impedances to broaden the
frequency range over which the acoustic impedance of the
transducer 40 is matched to the coupling medium 72.

[0035] To further improve the efficiency of the transducer
40, the piezoelectric elements 90 may be compound elements
comprising a de-matching section 118 and an active section
120. The de-matching section 118 may be comprised of the
de-matching material, and the active section 120 may be
comprised of the piezoelectric material 82. Compound piezo-
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electric elements 90 may be fabricated by substituting a disc
comprising a first layer of piezoelectric material bonded to a
second layer of de-matching material for the homogenous
piezoelectric material 82 shown in FIG. 4A. Suitable de-
matching materials may include tungsten, tungsten carbide,
and molybdenum. The de-matching section 118 works on a
similar principle as the matching layer 116, except that the
acoustic impedance and layer thickness of the de-matching
material is chosen to increase acoustic reflections at the inter-
face between the de-matching section 118 and active section
120. The reflections may be increased by selecting a material
with a high acoustic impedance, such as a material having an
impedance >70 MRalyls. The de-matching materials may
also exhibit good heat and electrical conductivity, which may
allow transducers 40 having compound piezoelectric ele-
ments 90 to have improved cooling and electrical properties.
The de-matching section 118 may thereby improve mechani-
cal packaging and thermal management of the transducer 40
as compared to transducers lacking the de-matching section
118.

[0036] Theintroduction of the de-matching sections 118 to
the piezoelectric elements 90 may also allow the piezoelectric
elements 90 to resonate in a quarter wavelength mode instead
of the half wavelength mode typical of transducers 40 having
non-compound or homogeneous piezoelectric elements 90.
That is, the thickness of the active section 120 of the com-
pound piezoelectric element 90 may be about A/4, or about
halfthe A/2 vertical dimension of homogeneous piezoelectric
elements 90 operating in the same frequency range. The
reduced vertical dimension of the piezoelectric section 120 of
the compound piezoelectric element 90 may reduce the elec-
trical impedance of the transducer 40 by about half, thereby
reducing the voltages required to drive the transducer 40.

[0037] Referring now to FIGS. 7 and 7A, a transducer 122
in accordance with an embodiment of the invention is pre-
sented. The electrodes 114 of transducer may be defined in the
second conductive layer 110 by forming isolation channels
124 that define perimeters 126 of the electrodes 114. These
isolation channels 124 may be formed electrically by scrib-
ing, mechanically by micro-machining (i.e., ultrasonic
machining, water jet machining, laser etching, or combina-
tions thereof), or using photolithography followed by chemi-
cal or plasma etching of the second conductive layer 110. For
example, isolation channels 124 having a width of 0.06 mm
may be laser scribed in the second conductive layer 110. The
laser scribes may be aligned with the kerfs 92 so that the
resulting isolation channels 124 are generally vertically
aligned with the dielectric regions between the piezoelectric
elements 90. After isolation, the electrodes 114 may exhibita
DC resistance 220 mega ohms.

[0038] The transducer 122 is shown mounted in the trans-
ducer assembly 62 according to an embodiment of the inven-
tion. The transducer 122 includes electrodes 114 configured
in a generally concentric annular arraignment to define the
acoustic radiating region 112 of the transducer 122. As shown
in FIG. 7, the transducer 122 has 12 concentric annular elec-
trodes 114 with a generally constant width or pitch, although
other numbers of annular electrodes may be used. The diam-
eter for the transducer 122 will typically depend on the
intended operating frequency of the transducer 122 and the
intended depth of treatment. For example, a transducer
intended to operate at 3.75 MHz may have a diameter of
between 15 and 16 mm and a composite body thickness of
between 0.6 and 0.8 mm. In contrast, a transducer intended to
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operate at 2.00 MHz may have a diameter of about 38 mm and
a composite body thickness of between 0.8 and 0.9 mm. The
transducer 122 may also include peripheral ground ring 128
at the transducer’s perimeter. The ground ring 128 may be
formed from the same conductive layer 110 used to form the
electrodes 114, and may be electrically coupled to the first
conductive layer 108 by a circumferential conductive layer
(not shown) deposited on the vertical sides of the composite
layer 98 in essentially the same manner as the first and second
conductive layers 108, 110.

[0039] The ground ring 128 may also be electrically
coupled to the assembly 62 by the mounting flange 64. The
ground ring 128 may thereby provide an area on the bottom
surface 104 of composite layer 98 that is electrically coupled
to the first conductive layer 108. The isolation channels 124
may be vertically aligned with the kerfs 92 so that none of the
piezoelectric elements 90 have a bottom face 106 that is
directly coupled to more than one annular electrode 114. As
best shown in FIG. 7A, the resulting annular electrodes 114
are thereby directly coupled to the bottom faces 106 of an
integral number of piezoelectric elements 90 to form a pixi-
lated or discrete pattern of squares that approximates a circu-
lar ring. By ensuring that the individual piezoelectric ele-
ments 90 are not shared between annular electrodes 114,
cross-talk and mixed mode vibration effects related to
mechanical isolation may be reduced as compared to conven-
tional transducer arrays lacking this feature.

[0040] Aligning the isolation channels 124 so that the chan-
nels 124 are coincident with the kerfs 92 of the composite
layer 98 may improve containment of the electrical fields
generated between each of the annular electrodes 114 and the
first conductive layer 108. The electric field associated with
each annular electrode 114 may thereby be isolated from
neighboring annular electrodes 114. This electric field con-
tainment and resulting neighbor isolation may be a result of
the difference in dielectric constants between the piezoelec-
tric elements 90 (which typically have a dielectric constant
greater than 500) and the isolating material 94 (which typi-
cally has a dielectric value of about 3).

[0041] Cross-talk measurements on prototype transducers
using the above design techniques have shown a reduction in
cross-talk of approximately 18 dB as compared to conven-
tional adjustable focus annular array transducers. Annular
arrays formed using the aforementioned method have also
proven easier to fabricate because the annular array elements
may be defined using a constant pitch scheme as opposed to
an equal area scheme. The constant pitch scheme allows for
the laser scribing pattern to be easily defined, and is compat-
ible with the dicing pattern of the piezoelectric composite
material. The improved cross-talk performance provided by
transducers configured in accordance with embodiments of
the invention offer the potential for both improved ultrasonic
imaging and HIFU focal zone control.

[0042] Due to the high power levels that must be delivered
to the treatment region, HIFU treatment has the potential to
damage regions of the body between where the ultrasound
enters the patient and the region to be treated. By coupling the
ultrasound energy to the patient through a relatively large
surface area and focusing the energy into a concentrated
region or focal zone below the skin, HIFU transducers pre-
vent undesired damage to the skin and other intervening
layers of the patient’s body. In this way, therapeutic intensity
levels may be achieved in the treatment region without dam-
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aging intervening tissue between the ultrasound entrance
location and the region to be treated.

[0043] Inorderto treata volume of tissue within the patient,
the focal zone may be moved in three dimensions so that
therapeutic doses of ultrasound are delivered to the desired
treatment region. To control the depth of the focal zone, the
HIFU system 10 may electrically adjust the focal distance of
the transducer 122 by processing signals provided to the
electrodes 114 through a beam-former in the ultrasound
transceiver 36. The beam-former may delay signals provided
to the inner electrodes 114 relative to the outer electrodes 114
so that the resulting ultrasound waveform generated by the
transducer 122 is concave. By controlling the relative phase
and intensity of the HIFU signal provided to each ring of the
annular array, the acoustic energy produced by the transducer
122 may be caused to converge at varying distances from the
transducer 122. The transducer 122 can thereby be drivenina
way that produces a shorter focal distance to treat regions
closerto the surface of the patient, and a longer focal distance
to treat regions deeper within the patient.

[0044] To image a region of the patient, an imaging beam is
typically generated by transmitting one or more short (i.e.,
broadband) bursts of ultrasound. As the ultrasound burst trav-
els through the patient, reflections caused by features in the
region being imaged scatter the ultrasound, some of which
may be scattered back towards the transducer 122. After the
burst is transmitted, the electrodes 114 are coupled to a
receive beam-former in the ultrasound transceiver 36. The
receive beam-former may adjust the focal distance of the
transducer 122 to receive back scattered echoes from a
desired depth. The transducer 122 may generate clectrical
signals in response receiving the backscattered echoes, and
these received echo signals are coupled to the transceiver 36.
In the transceiver 36, the received echo signals are processed
by the receive beam-former, which may perform a dynamic
delay-and-sum operation to electrically adjust the focal dis-
tance of transducer 122 dynamically based on the amount of
time since the imaging burst was transmitted. Early in the
receive cycle, when the ultrasonic wave has propagated a
short distance into the patient, the focusing delay profile of
the receive beam-former may be configured to focus the
transducer 122 at a shallow depth corresponding to the depth
of the ultrasonic wave. As time passes, echoes from deeper
within the treatment region are expected, and the delay profile
of the receive beam-former may be adjusted accordingly so
that the transducer 122 has a longer electrical focal distance.
The receive beam-former thereby focuses the transducer 122
at whatever depth from which echoes are being received so
that the received beam pattern is as narrow as possible given
the transducer characteristics. The intensity of the received
echoes thereby provide a one-dimensional density profile of
echoes verses depth along this beam. To provide a 2-dimen-
sional image of the treatment region, this beam may be swept
through the treatment region. Persons having ordinary skill in
the art will understand that other methods of generating the
2-dimensional image may also be used. Embodiments of the
invention are therefore not limited to a particular method of
generating the 2-dimensional image.

[0045] If signals provided to one electrode of a transducer
are undesirably coupled to other elements of the array, the
resulting cross-talk between array electrodes may reduce the
ability of the transducer to form a well defined focal zone,
create excessive heating in the transducer or electrical drive
circuitry, and may also result in radial and lateral acoustic
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modes that cause ultrasound energy to be radiated in undesir-
able directions. For these reasons, high crosstalk levels may
reduce the maximum delays that can be applied by the beam-
formers, reducing the range over which the focal distances of
aconventional transducer may be adjusted. Cross-talk may be
particularly limiting when performing ultrasound imaging
due to the higher bandwidths typically required, with the
higher frequency content having higher crosstalk levels. A
poorly defined focal zone may also contribute to blurring of
the ultrasound images. Thus, to produce an HIFU transducer
that can also be used for ultrasound imaging, the crosstalk
between array elements of the transducer must be controlled.

[0046] FIG.8isa cross-sectional view of a treatment region
130 of a patient with the RTC 20 placed against the patient’s
body surface or skin. In operation, the transducer 122 may be
excited with ultrasound signals so that a focal zone 132 of
concentrated ultrasound energy is formed in the treatment
region 130. The transducer assembly 62 may be moved via
the control arm 68 so that the focal zone 132 is swept along a
scan line 134 in a generally linear direction through the treat-
ment region 130. By providing sufficient ultrasound energy to
the focal zone 132, the heat produced may cause necrosis of
tissue in the treatment region 130 so that a continuous lesion
136 is formed along the scan line 134. The dose of HIFU
delivered to the focal zone 132, and thus the heat provided to
the scan line 134, may be controlled by varying the intensity
of the ultrasound, the scan velocity, or both the intensity and
velocity. By moving or pivoting the transducer assembly 62
back and forth in a controlled pattern, multiple lesions 136
may be created so that a selected region of the treatment area
1s exposed to a controlled dose of ultrasound energy. A thera-
peutic dose of ultrasound energy may be characterized by a
rise in temperature at or near the focal zone 132 that causes
collagen denaturing and/or necrosis. For example, a tempera-
ture above 37° C. may produce collagen denaturing over a
sufficient amount of time. More typically, higher tempera-
tures are used to speed the process. For example, a tempera-
ture of 46° C. may produce therapeutic effects within several
minutes, while a temperature of 56° C. may produce thera-
peutic effects within a few seconds. An energy flux provided
by the RTC 20 during HIFU therapy to achieve these tem-
peratures will typically range from at least 35 J/cm? to as high
as 460 Jicm? at the surface of the of the patient.

[0047] FIG. 9 is a top view of the treatment region 130
shown in FIG. 8 that illustrates how selected areas of the
treatment region 130 may be exposed to therapeutic levels of
ultrasound energy by moving the transducer assembly 62 ina
raster pattern. This movement may cause the transducer
assembly 62 to sweep the focal zone 132 back and forth
across the treatment region 130 so that a selected volume of
the treatment region 130 is exposed to HIFU. To provide
ultrasound images of the treatment area 130 in real time
during HIFU treatment, the transducer 122 may be excited
with a mixture of HIFU and imaging signals while the trans-
ducer assembly 62 is alternately scanned in a first direction
(as indicated by arrows 138), and a second direction (as
indicated by arrows 140). In an embodiment of the invention,
HIFU and imaging scan lines may be generated while the
handpiece 16 is moved along a line of movement (indicated
by arrow 141) generally orthogonal to the first and second
scan line directions 138, 140. The HIFU treatment and imag-
ing scan lines may be interleaved, and may have equal or
unequal numbers. That is, the HIFU treatment and imaging
scan lines may be generated alternately, and/or there may be
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multiple scan lines of one type between each scan line of the
other type. Moreover, the ratio of HIFU to imaging scan lines
may be adjusted based on the speed the handpiece 16 is
moved along the line of movement 141. For example, as
shown in the illustrated embodiment, the system may be
configured to generate five HIFU scan lines 142 followed by
a “quiet” period to let the ultrasound energy dissipate before
generating an imaging scan line 144. The rate and positioning
of the imaging scan lines 144 may be selected so that the
imaging scan lines 144 provide a continuous image as the
treatment region 130 is scanned and/or the handpiece 16 is
moved along the line of movement 141.

[0048] The resulting scan pattern may comprise an inter-
leaved pattern of HIFU treatment scan lines 142 and ultra-
sonic imaging scan lines 144 having various numbers and
combinations of each scan line type. The HIFU scan line 142
may be exposed to a continuous level of HIFU energy (as
shown), or may be provided with bursts of HIFU energy. The
imaging scan line 144 may consist of a plurality of closely
spaced imaging bursts 145, which may allow a 2-dimentional
image of the treatment region to be generated. In an embodi-
ment of the invention, the timing parameters for generating
imaging scan lines 144 may be configured to generate 128
imaging scan lines 144 along the length of the movement line
141 (e.g., over the area being imaged and/or treated). These
imaging scan lines 144 may be spaced equally along the line
of movement 141 so that the resulting image presents an
undistorted view of the region being treated. Based on how
fast the handpiece 16 is moving and/or the treatment region
130 is being scanned, the requirement for equally spaced
imaging lines 144 may determine how many HIFU scan lines
142 can be scanned between the imaging scan lines 144.

[0049] Although shown as separate scan lines in FIG. 9 for
the purposes of clarity, line spacing 146 may be adjusted so
that HIFU scan lines 142 and imaging scan lines 144 partially
or fully overlap, and to control the distance between HIFU
scan lines 142. For example, parallel HIFU scan lines 142
may be placed close together or in an overlapping arrange-
ment so that thermal energy from one HIFU scan line 142
adds to the amount of thermal energy provided to treated
tissue by the adjacent HIFU scan line 142. The horizontal
scan lines 142, 144 may be connected with vertical transit
lines 148 during which the transducer 122 will typically be
inactive. The system may also utilize movement of the hand-
piece 16 along the line of movement 141 to space the HIFU
and imaging scan lines 142, 144. The vertical transit lines 148
may also be subjected to ultrasound energy if the transducer
122 is active while moving vertically. Multiple treatments
may also be provided to the same treatment area 130 by
repeating the raster pattern, or with patterns having different
crossing or overlapping of scan lines so that a desired dose of
HIFU is provided to the treatment region 130. Methods of
scanning a treatment region are described in more detail in
U.S. Publication No. 2010/0249669 filed on Mar. 4,2010 and
entitled “Ultrasonic Treatment of Adipose Tissue at Multiple
Depths”, the disclosure of which is incorporated herein by
reference in its entirety. In any case, persons having ordinary
skill in the art will understand that there are numerous scan-
ning patterns that may be used to cover the treatment region
130, and embodiments of the invention are not limited to a
particular scanning pattern.

[0050] The ability to image the patient with the transducer
122 may allow the HIFU system 10 to provide the system
operator with ultrasonic images of the treatment region 130
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during treatment. These real-time images may improve the
operator’s ability to control or adjust HIFU treatment as the
treatment is being administered. This instant visual feedback
may improve the accuracy with which HIFU treatment is
provided to the patient, as well as reduce the time required to
prepare and treat the patient. For example, using conventional
methods, the treating physician may use ultrasound imaging
prior to treatment with HIFU to identify a volume of tissue to
be treated. The corresponding surface area of the patient
adjacent to the volume to be treated may then be marked with
contour lines to provide a guide during subsequent HIFU
treatment. By providing the operator with real-time images
during HIFU treatment, this laborious pre-treatment process
may be omitted. The ability to guide the RTC 20 across the
patient based on real time ultrasound images may therefore
eliminate the need for optical mouse tracking or to mark the
skin of the patient with contour lines prior to treatment.

[0051] It will be understood that when an element is
described as being “connected” or “coupled” to or with
another element, it can be directly connected or coupled to the
other element or, instead, one or more intervening elements
may be present. In contrast, when an element is described as
being “directly connected” or “directly coupled” to another
element, there are no intervening elements present. When an
element is described as being “indirectly connected” or “indi-
rectly coupled” to another element, there is at least one inter-
vening element present.

[0052] The terminology used herein is for the purpose of
describing particularembodiments only and is not intended to
be limiting of the invention. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises” and/
or “comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

[0053] As used herein, the term “in response to” means “in
reaction to” and/or “after” a first event. Thus, a second event
occurring “in response to” a first event may occur immedi-
ately after the first event, or may include a time lag that occurs
between the first event and the second event, In addition, the
second event may be caused by the first event, or may merely
occur after the first event without any causal connection.

[0054] The corresponding structures, materials, acts, and
equivalents of all means or step plus function elements in the
claims below are intended to include any structure, material,
or act for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described in order to best explain the principles of the inven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.
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What is claimed is:

1. An apparatus comprising:

a composite layer having a first surface and a second sur-
face generally parallel to the first surface, the composite
layer including an isolating material and a plurality of
piezoelectric elements, each piezoelectric element being
suspended in the isolating material and having a first
face exposed on the first surface of the composite layer;
and

a plurality of electrodes on the first surface of the compos-
ite layer, each electrode being directly coupled to the
first face of atleast one of the piezoelectric elements, and
each electrode shaped such that the first face of each
piezoelectric element is directly coupled to no more than
one electrode.

2. The apparatus of claim 1 wherein the electrodes are

annular and are concentrically arranged with a constant pitch.

3. The apparatus of claim 1 wherein the composite layer
further includes kerfs filled with the isolating material, and
each piezoelectric element is isolated from adjacent piezo-
electric elements by the kerfs.

4. The apparatus of claim 3 further comprising:

one or more channels between the electrodes, the one or
more channels being vertically aligned with the kerfs
and electrically isolating each electrode from adjacent
electrodes.

5. The apparatus of claim 1 wherein each piezoelectric

element of the plurality of piezoelectric elements includes:

a piezoelectric section including the first face and a second
face opposite the first face; and

a de-matching section coupled to the second face of the
piezoelectric section, the de-matching section having an
acoustical impedance that causes acoustic energy inci-
dent on the de-matching section from the piezoelectric
section to be reflected back toward the piezoelectric
section.

6. The apparatus of claim 5 further comprising;

aheat sink thermally coupled to the de-matching section of
each piezoelectric section.

7. The apparatus of claim 5 further comprising:

an ultrasound transceiver electrically coupled with the de-
matching section of each piezoelectric section.

8. The apparatus of claim 5 wherein each piezoelectric
section has a thickness that is less than one half of a wave-
length of a center frequency of an operational frequency
range.

9. The apparatus of claim 8 wherein the thickness of each
piezoelectric section is about a quarter of the wavelength of
the center frequency.

10. The apparatus of claim 1 wherein the first surface of the
composite layer is planar.

11. The apparatus of claim 1 further comprising:

a treatment head including an actuator coupled to the com-
posite layer and a chamber that encloses the composite
layer;

a transceiver operatively coupled to the electrodes on the
first surface of the composite layer; and

a controller operatively coupled to the actuator and the
transceiver, the controller configured to selectively acti-
vate the transceiver 1o:
transmit first electrical signals to the electrodes that gen-

erate a High Intensity Focused Ultrasound (HIFU)
focal zone;
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transmit second electrical signals to the electrodes that
generate an ultrasound imaging beam; and

to receive third electrical signals from the electrodes
corresponding to echoes of the ultrasound imaging
beam,

the controller being further configured to generate an ultra-

sound image from the third electrical signals received by
the transceiver.

12. The apparatus of claim 11, wherein the controller is
further configured to operate the actuator so that the HIFU
focal zone is scanned along a first plurality of scan lines in a
treatment region, and the ultrasound imaging beam is scanned
along a second plurality of scan lines in the treatment region.

13. The apparatus of claim 12 wherein the controller is
configured to operate the actuator so that the first plurality of
scan lines are interleaved with the second plurality of scan
lines.

14. A method of fabricating an ultrasound transducer, the
method comprising:

providing a substrate that includes a piezoelectric layer;

forming a plurality of kerfs in the substrate to define a

plurality of piezoelectric elements that are separated by
the kerfs;

filling the kerfs with an isolating material to form a com-

posite layer having a first surface, the composite layer
including the plurality of piezoelectric elements, each of
the piezoelectric elements being separated from adja-
cent piezoelectric elements by the isolating material;
and

forming a plurality of electrodes on the first surface of the

composite layer, the electrodes being defined so that
each piezoelectric element is directly coupled to no
more than one electrode.

15. The method of claim 14 wherein forming the plurality
of electrodes includes:

depositing a conductive layer on the first surface of the

composite layer; and

forming a plurality of channels in the conductive layer, the

channels defining the electrodes and being vertically
aligned with the kerfs.

16. The method of claim 14 wherein forming the plurality
of kerfs in the substrate includes:

bonding a support layer to a second surface of the substrate;

curing the isolating material so that the isolating material

changes from a fluid state into a solid state;

in response to the isolating material being cured, removing

the support layer from the second surface; and

lapping the second surface of the composite layer to obtain

a desired thickness of the composite layer.

17. The method of claim 14 further comprising:

lapping the first surface of the composite layer to expose a

face of each piezoelectric element.
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18. The method of claim 14 wherein providing the sub-
strate includes bonding a layer of de-matching material to the
piezoelectric layer.

19. A method of treating a patient with ultrasound, the
method comprising:

generating a High Intensity Focused Ultrasound (HIFU)

focal zone with a transducer;

scanning the HIFU focal zone across a treatment region to

provide a therapeutic dose of ultrasound energy to a
portion of the treatment region;

generating an ultrasound imaging beam with the trans-

ducer;

scanning the ultrasound imaging beam across the treatment

region;

receiving echoes of the ultrasound imaging beam with the

transducer; and

generating an image of the portion of the treatment region

from the received echoes.
20. The method of claim 19 wherein:
scanning the HIFU focal zone across the treatment region
includes scanning the HIFU focal zone along a first
plurality of scan lines in the treatment region, and

scanning the ultrasound imaging beam across the treatment
region includes scanning the ultrasound imaging beam
along a second plurality of scan lines in the treatment
region.

21. The method of claim 20 wherein scanning the ultra-
sound imaging beam along the second plurality of scan lines
in the treatment region includes interleaving the second plu-
rality of scan lines with the first plurality of scan lines.

22. The method of claim 19 wherein generating the HIFU
focal zone comprises:

generating at least one ultrasound burst having a first dura-

tion.

23. The method of claim 22 wherein generating the ultra-
sound imaging beam comprises:

generating a plurality of ultrasound bursts each having a

second duration less than the first duration.

24. The method of claim 19 further comprising:

adjusting at least one of a power level of the HIFU focal

zone, a scan speed of the HIFU focal zone, and a position
of the HIFU focal zone within the treatment region based
on the image generated from the received echoes.

25. The method of claim 19 wherein:

generating the ultrasound imaging beam with the trans-

ducer includes generating a burst of ultrasound energy;
and

generating the image of the portion of the treatment region

from the received echoes includes electrically adjusting
a focal distance of the transducer based on an amount of
time since the burst of ultrasound energy so that the focal
distance corresponds to a depth of the treatment region
from which an echo of the burst is expected.
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