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ULTRASOUND ABLATION APPARATUS WITH DISCRETE STAGGERED
ABLATION ZONES
RELATED APPLICATIONS
[0001] This application claims priority to U.S. Patent Application No.

13/019,563, filed on February 2, 2011.

BACKGROUND OF THE INVENTION
[0002] The present invention relates generally to ablation devices and, more
specifically, to an assembly of ablation elements arranged in a staggered
configuration.
[0003] Hypertension is a major global public health concern. An estimated
30-40% of the adult population in the developed world suffers from this condition.
Furthermore, its prevalence is expected to increase, especially in developing
countries. Diagnosis and treatment of hypertension remain suboptimal, even in
developed countries. Despite the availability of numerous safe and effective
pharmacological therapies, including fixed-drug combinations, the percentage of
patients achieving adequate blood-pressure control to guideline target values remains
low. Much failure of the pharmacological strategy to attain adequate blood-pressure
control is attributed to both physician inertia and patient non-compliance and non-
adherence to a lifelong pharmacological therapy for a mainly asymptomatic disease.
Thus, the development of new approaches for the management of hypertension is a
priority. These considerations are especially relevant to patients with so-called
resistant hypertension (i.e., those unable to achieve target blood-pressure values
despite multiple drug therapies at the highest tolerated dose). Such patients are at

high risk of major cardiovascular events.



WO 2012/106492 PCT/US2012/023579

[0004] Renal sympathetic efferent and afferent nerves, which lie within and
immediately adjacent to the wall of the renal artery, are crucial for initiation and
maintenance of systemic hypertension. Indeed, sympathetic nerve modulation as a
therapeutic strategy in hypertension had been considered long before the advent of
modern pharmacological therapies. Radical surgical methods for thoracic, abdominal,
or pelvic sympathetic denervation had been successful in lowering blood pressure in
patients with so-called malignant hypertension. However, these methods were
associated with high perioperative morbidity and mortality and long-term
complications, including bowel, bladder, and erectile dysfunction, in addition to
severe postural hypotension. Renal denervation is the application of a chemical agent,
or a surgical procedure, or the application of energy to partially or completely damage
renal nerves to partially or completely block the renal nerve activities. Renal
denervation reduces or completely block renal sympathetic nerve activity, increases
renal blood flow (RBF), and decreases renal plasma norepinephrine (NE) content.
[0005] That renal denervation can prevent or delay hypertension was known
as early as 1936. See Heuer GJ. The surgical treatment of essential hypertension,
Annals of Surgery, 1936; 104 (4): 771-786. The surgical denervation, i.e.,
sympathectomy, was applied for treatment of hypertension, though with many clinical
complications. Catheter renal intervention was developed much earlier, and catheter
for renal angiography was introduced in 1950. Numerous publications are available
on the application of electrical energy to renal nerves and the renal responses. The
earliest insight into the influence of the renal nerves on renal function is that of
Claude Bernard in 1859. RF ablation has been used for tumor removal for many
years and there have been a great amount of publications on pulmonary venous (PV)

ablation for treating AF since 1998. Intra-blood vessel RF ablation may damage
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nerves as documented in patent publications in 2002. See, e.g., Acker D.,
WO/2002/085192, Improvement in Ablation Therapy, CIPI, Oct. 31, 2002; see also
Smithwick RH, Surgical treatment of hypertension, Am J Med 1948, 4:744-759; Allen
EV, Sympathectomy for essential hypertension, Circulation, 1952, 6:131-140;
Smithwick RH, Thompson JE, Splanchnicectomy for essential hypertension: results in
1,266 cases, JAMA, 1953, 152:1501-1504; Morrissey DM, Brookes VS, Cooke WT,
Sympathectomy in the treatment of hypertension, review of 122 cases, Lancet, 1953,
1:403-408; Whitelaw GP, Kinsey D, Smithwick RH, Factors influencing the choice of
treatment in essential hypertension: surgical, medical, or a combination of both, Am J
Surg, 1964, 107:220-231; Gottschalk CW, Renal nerves and sodium excretion, Ann.
Rev. Physiol., 1979, 41:229-40; Mancia G., Grassi G., Giannattasio C., Seravalle G.,
Sympathetic activation in the pathogenesis of hypertension and progression of organ
damage, Hypertension 1999, 34(4 Pt 2): 724-728; DiBona GF, Sympathetic nervous
system and the kidney in hypertension, Curr Opin Nephrol Hypertens, 2002,
11(2):197-200; Haissaguerre M et al., "Spontaneous initiation of atrial fibrillation by
ectopic beats originating in the pulmonary veins," New England Journal of Medicine,
1998, 339:659-666; Chen, SA et al., "Initiation of atrial fibrillation by ectopic beats
originating from the pulmonary veins: electrophysiological characteristics,
pharmacological responses, and effects of radiofrequency ablation,” Circulation,
1999, 100:1879-1886; and Shah DC, Haissaguerre M, Jais P, Catheter ablation of
pulmonary vein foci for atrial fibrillation: pulmonary vein foci ablation for atrial
fibrillation, Thorac Cardiovasc Surg, 1999, 47(suppl. 3):352-356. The entire
disclosures of these publications are incorporate herein by reference.

[0006] The object of renal denervation is to neutralize the effect of renal

sympathetic system which is involved in arterial hypertension. Device-based renal
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denervation may achieve such objective, but may produce possible complications of
renal artery/vein stenosis. Thus, there is a need for a device that can perform renal

denervation with reduced risk of renal artery/vein stenosis.

BRIEF SUMMARY OF THE INVENTION
[0007] Embodiments of the present invention are directed to an assembly of
staggered ablation elements which are energized to produce ablation zones that span
one or more open arc segments around the longitudinal axis, but the ablation zones of
all the ablation elements projected longitudinally onto any lateral plane which is
perpendicular to the longitudinal axis span a substantially closed loop around the
longitudinal axis. The renal nerves are oriented generally longitudinally. Because the
ablation zones do not form a closed loop, the risk of renal artery/vein stenosis is
reduced or eliminated. On the other hand, because the ablation zones of all the
ablation elements projected longitudinally onto any lateral plane span a substantially
closed loop, a substantially complete renal denervation is achieved.
[0008] In accordance with an aspect of the present invention, an ablation
apparatus comprises an ultrasonic transducer which includes a piezoelectric element
having a cylindrical shape with a longitudinal axis, an inner surface facing inwardly
toward the longitudinal axis, and an outer surface facing outwardly away from the
longitudinal axis; a plurality of external electrodes disposed on the outer surface of
the piezoelectric element; and at least one internal electrode disposed on the inner
surface of the piezoelectric element. The at least one internal electrode provides
corresponding internal electrode portions that are disposed opposite the plurality of
external electrodes with respect to the piezoelectric element, the external electrodes

and the at least one internal electrode to be energized to apply an electric field across

4



WO 2012/106492 PCT/US2012/023579

the piezoelectric element between the external electrodes and the corresponding
internal electrode portions, so as to produce ultrasonic ablation zones extending from
the energized external electrodes outwardly away from the longitudinal axis. The
ultrasonic ablation zones of the external electrodes are distributed in a staggered
configuration so as to span one or more open arc segments around the longitudinal
axis, and the ultrasound ablation zones of all the external electrodes projected
longitudinally onto any lateral plane which is perpendicular to the longitudinal axis
span a substantially closed loop around the longitudinal axis.

[0009] In some embodiments, the external electrodes are discretely spaced
from each other at least one of longitudinally or laterally, and at least two of the
external electrodes are spaced from one another longitudinally. The external
electrodes span one or more open arc segments around the longitudinal axis, but all
the external electrodes projected longitudinally onto any lateral plane which is
perpendicular to the longitudinal axis span a substantially closed loop around the
longitudinal axis. The external electrodes and the at least one internal electrode are
independently controlled to be energized in one of simultaneous manner, sequential
manner, and arbitrary manner to produce the ultrasonic ablation zones. The external
electrodes and the at least one internal electrode are energized by radiofrequency (RF)
energy. The ablation apparatus further comprises a body having a fluid cavity in
which the ultrasonic transducer is disposed, the fluid cavity containing a fluid for
transmitting ultrasonic energy. The fluid cavity has a fluid inlet for fluid flow into the
fluid cavity and a fluid outlet for fluid flow out of the fluid cavity.

[0010] In specific embodiments, the ablation apparatus further comprises a
handle assembly; a shaft having a main lumen, a proximal end coupled to the handle

assembly, and a distal end; a distal tip section coupled to the distal end of the shaft,
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the distal tip section having a non-compliant and non-porous cap that has a tubular
wall that defines a bore; and an irrigation tube extending through the main lumen and
having a distal end that terminates in the bore, the irrigation tube to supply irrigation
fluid to the bore. The ultrasonic transducer is housed inside the bore and spaced apart
from the wall of the cap. A plurality of thermocouple wires are connected to the cap.
A plurality of ring electrodes are provided in a spaced-apart manner about the outer
surface of the shaft adjacent the distal tip section. An inner sleeve is secured in the
main lumen at the distal end of the shaft. An inner supporting member extends
through the main lumen of the shaft and the bore of the cap.

[0011] In specific embodiments, the ablation apparatus further comprises a
handle assembly; a shaft having a main lumen, a proximal end coupled to the handle
assembly, and a distal end; an inner sleeve secured in the main lumen; a distal tip
section coupled to the distal end of the shaft, the distal tip section having a non-
compliant and non-porous cap that has a tubular wall that defines a bore; an inner
supporting member that extends through the main lumen of the shaft and the bore of
the cap; and an outer supporting member that extends through the inner sleeve and
into the bore, with the inner supporting member housed in the outer supporting
member. The ultrasonic transducer is housed inside the bore and spaced apart from
the wall of the cap. The inner supporting member is selected from the group
consisting of a coil, a flat wire, and made of a material selected from the group
consisting of a metal, an alloy, and a polymer.

[0012] In specific embodiments, the ablation apparatus further comprises an
expandable member providing a fluid cavity in which the ultrasonic transducer is
disposed. The ablation apparatus further comprises a handle assembly; a shaft having

a proximal end coupled to the handle assembly, and a distal end, the shaft extending
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along an axis; and a distal ring provided at the distal end and oriented perpendicular to
the axis of the shaft, the distal ring having a plurality of electrodes positioned in
spaced-apart manner about the distal ring. The ultrasonic transducer is positioned
spaced apart from the distal ring. The distal ring has a diameter that is greater than
the fully expanded diameter of the expandable member. The ablation apparatus
further comprises an energy source coupled to the ultrasonic transducer; and means
coupled to the plurality of electrodes for processing electrical signals received from
the plurality of electrodes.

[0013] In accordance with another aspect of the invention, an ablation
apparatus comprises a body have an axis and an ultrasonic transducer connected to the
body, the ultrasonic transducer including a piezoelectric element coupled to the body,
the piezoelectric element having a hollow interior, an inner surface facing the hollow
interior, and an outer surface facing outwardly away from the hollow interior; a
plurality of external electrodes disposed on the outer surface of the piezoelectric
element; and at least one internal electrode disposed on the inner surface of the
piezoelectric element. The at least one internal electrode provides corresponding
internal electrode portions that correspond to the plurality of external electrodes, the
external electrodes and the at least one internal electrode to be energized to apply an
electric field across the piezoelectric element between the external electrodes and the
corresponding internal electrode portions, so as to produce ultrasonic ablation zones
extending from the energized external electrodes outwardly away from the hollow
interior. The ultrasonic ablation zones of the external electrodes are distributed in a
staggered configuration so as to span one or more open arc segments around the axis

of the body, and the ultrasound ablation zones of all the external electrodes projected
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longitudinally onto any lateral plane which is perpendicular to the axis of the body
span a substantially closed loop around the axis of the body.

[0014] In some embodiments, the external electrodes span one or more open
arc segments around the axis of the body, but all the external electrodes projected
longitudinally onto any lateral plane which is perpendicular to the axis of the body
span a substantially closed loop around the axis of the body. The body has a fluid
cavity in which the ultrasonic transducer is disposed, the fluid cavity containing a
fluid for transmitting ultrasonic energy.

[0015] These and other features and advantages of the present invention will
become apparent to those of ordinary skill in the art in view of the following detailed

description of the specific embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] FIG. 1 illustrates a mapping and ablation system according to one
embodiment of the present invention.
[0017] FIG. 2 is a side plan view of the catheter of the system of FIG. 1.
[0018] FIG. 3 is an enlarged cross-sectional view of the distal tip section of
the catheter of FIGS. 1 and 2.
[0019] FIG. 4 is an enlarged side plan view of the distal tip section of the
catheter of FIGS. 1 and 2.
[0020] FIG. 5 is a cross-sectional view of the distal tip section of FIG. 4 taken
along lines A-A thereof.
[0021] FIG. 6 is a cross-sectional view of the distal tip section of FIG. 3 taken

along lines B-B thereof.
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[0022] FIG. 6A is a simplified schematic view of the distal tip section of the
catheter illustrating a modified cap according to another embodiment of the invention.
[0022] FIG. 7 illustrates a mapping and ablation system according to another

embodiment of the present invention.

[0023] FIG. 8 is a perspective view of the catheter of the system of FIG. 7.
[0024] FIG. 9 is an enlarged view of the distal tip section of the catheter of
FIGS. 7 and 8.

[0025] FIG. 10 is a cross-sectional view of the distal tip section of FIG. 9

taken along lines A--A thereof.

[0026] FIG. 11 is a cross-sectional view of the distal tip section of FIG. 9
taken along lines B--B thereof.

[0027] FIG. 12 illustrates how the catheter of FIGS. 7 and 8 is deployed for
use inside the heart of a patient.

[0028] FIG. 13 is a cross-sectional view illustrating the catheter of FIGS. 7

and 8 in use in a pulmonary vein during the mapping and ablation steps.

[0029] FIG. 14 illustrates the steering mechanism of the catheter of FIGS. 7
and 8.
[0030] FIG. 15 illustrates an ultrasonic transducer having electrodes arranged

to produce discrete, staggered ablation zones.

[0031] FIG. 16 illustrates the ablation zones of all the external electrodes that,
when projected longitudinally onto any lateral plane which is perpendicular to the
longitudinal axis, span a closed loop around the longitudinal axis of the transducer.
[0032] FIG. 17 is a block diagram of an ablation system according to one

embodiment.
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[0033] FIG. 18 is a block diagram of an ablation system according to another

embodiment.

DETAILED DESCRIPTION OF THE INVENTION
[0034] In the following detailed description of the invention, reference is
made to the accompanying drawings which form a part of the disclosure, and in which
are shown by way of illustration, and not of limitation, exemplary embodiments by
which the invention may be practiced. In the drawings, like numerals describe
substantially similar components throughout the several views. Further, it should be
noted that while the detailed description provides various exemplary embodiments, as
described below and as illustrated in the drawings, the present invention is not limited
to the embodiments described and illustrated herein, but can extend to other
embodiments, as would be known or as would become known to those skilled in the

29 ¢

art. Reference in the specification to “one embodiment,” “this embodiment,” or
“these embodiments” means that a particular feature, structure, or characteristic
described in connection with the embodiment is included in at least one embodiment
of the invention, and the appearances of these phrases in various places in the
specification are not necessarily all referring to the same embodiment. Additionally,
in the following detailed description, numerous specific details are set forth in order to
provide a thorough understanding of the present invention. However, it will be
apparent to one of ordinary skill in the art that these specific details may not all be
needed to practice the present invention. In other circumstances, well-known
structures, materials, circuits, processes and interfaces have not been described in

detail, and/or may be illustrated in block diagram form, so as to not unnecessarily

obscure the present invention.
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[0035] In the following description, relative orientation and placement
terminology, such as the terms horizontal, vertical, left, right, top and bottom, is used.
It will be appreciated that these terms refer to relative directions and placement in a
two dimensional layout with respect to a given orientation of the layout. For a
different orientation of the layout, different relative orientation and placement terms
may be used to describe the same objects or operations.

[0036] Exemplary embodiments of the invention, as will be described in
greater detail below, provide assemblies of staggered ablation elements that are
particularly suitable for renal denervation with a reduced risk of stenosis.

[0037] NONCONTACT ABLATION USING ULTRASOUND

[0038] According to one embodiment of the invention, a catheter for ablating
body tissue of the interior regions of the heart comprises a handle assembly; a shaft
having a main lumen, a proximal end coupled to the handle assembly, and a distal
end; a distal tip section coupled to the distal end of the shaft, the distal tip section
having a non-compliant and non-porous cap that has a tubular wall that defines a bore;
and an ablation element that is housed inside the bore and spaced apart from the wall
of the cap. The ablation element produces acoustic energy. An irrigation tube
extends through the main lumen and has a distal end that terminates in the bore.
[0039] FIGS. 1-6 illustrate a catheter system 20 according to this embodiment
of the present invention. The catheter system 20 has a tubular shaft 22 having a distal
end 26, a proximal end 28, and a main lumen 30 extending through the shaft 22. A
distal tip section 24 is secured to the distal end 26 of the shaft 22. A handle assembly
32 is attached to the proximal end 28 of the shaft 22 using techniques that are well-

known in the catheter art.
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[0040] The distal tip section 24 has an ablation element 60 that is housed
inside a non-compliant and non-porous tubular cap 62. The ablation element 60 is
spaced from, and does not contact, the walls of the cap 62. The cap 62 has a bore 64
extending therethrough. The distal end 26 of the shaft 22 is slide-fitted into the bore
64 at the proximal end 66 of the cap 62, and secured to the cap 62 by adhesive
bonding. An inner sleeve 68 is secured by adhesive bonding in the main lumen 30 at
the distal end 26 of the shaft 22. The inner sleeve 68 is made of a plastic material
such as PEEK and has multiple channels 67 (see FIG. 6) separating the wires, an inner
supporting member 102, and a fluid lumen so they do not interfere with each other
inside the cap 62 when the catheter is subjected to mechanical forces during use,
including deflection of the distal tip, torque, and advancement and withdrawal from
the patient. The cap 62 can be made from a non-compliant material such as
polyethylene, polyurethane, polyolefins, polymethylpentene, and the like, that is
capable of allowing ultrasound energy to be transmitted therethrough. The cap 62
extends from its proximal end 66 and terminates at a closed distal tip 92 that has an
opening 94 provided thereat.

[0041] The ablation element 60 can be embodied in the form of a transducer
or an electrode that includes a piezoelectric crystal which converts electrical energy
into ultrasound energy. The transducer 60 is tubular, and O-rings 108 are positioned
between the transducer 60 and a tubular outer supporting member 104 to create an air
space between the supporting member 104 and the transducer 60 to minimize
transmission of ultrasound waves inside the transducer 60. A silicone adhesive 110
seals the ends of the transducer 60. Irrigation fluid fills the space between the
transducer 60 and the cap 62, so that the ultrasound energy can be transmitted through

the fluid and the cap 62 into the body tissue. The fluid acts to cool the transducer 60,
12
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and functions as a medium to transmit the ultrasound energy. Since the transducer 60
has a diameter that is smaller than the inner diameter of the cap 62, the transducer 60
does not contact the body tissue.

[0042] An irrigation tube 100 extends through the main lumen 30 of the shaft
22, and has a distal end that terminates inside the proximal end 66 of the cap 62, at a
location proximal to the transducer 60. Irrigation fluid is introduced from a pump 120
via a standard infusion tube 35 and a luer fitting 34 through the irrigation tube 100 to
be delivered inside the bore 64 of the cap 62 for cooling the transducer 60.

[0043] The inner supporting member 102 extends through the main lumen 30
of the shaft 22 and the bore 64 of the cap 62, terminating adjacent the opening 94 in
the distal tip 92. The inner supporting member 102 functions to provide support to
the catheter shaft 22 and the distal tip section 24, and is received inside the outer
supporting member 104 that extends through the inner sleeve 68 and into the bore 64.
The inner supporting member 102 can be provided in the form of a coil, a flat wire, or
a rod composed of metal, alloy or a polymer.

[0044] A plurality of thermocouple wires 54 can have their distal tips secured
to the inner surface of the cap 62, and are used to detect the temperature at the
ablation site.

[0045] A plurality of ring electrodes 58 are provided in spaced-apart manner
about the outer surface of the shaft 22 adjacent the distal tip section 24. The ring
electrodes 58 can be made of a solid, electrically conducting material, such as
platinum-iridium, stainless steel, or gold, and are attached about the shaft 22.
Alternatively, the ring electrodes 58 can be formed by coating the exterior surface of
the shaft 22 with an electrically conducting material, such as platinum-iridium or

gold. The coating can be applied by sputtering, ion beam deposition or similar known
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techniques. The number of ring electrodes 58 can vary depending on the particular
geometry of the region of use and the functionality desired.

[0046] As will be explained in greater detail below, the ring electrodes 58
function to map the region of the heart that is to be treated. After the mapping has
been completed, the transducer 60 is positioned at the location where ablation is to be
performed, and the irrigation fluid through the lumen tube 100 is increased to the
desired flow rate set on the pump 120. The flow of the irrigation fluid is software-
controlled and its instructions are transmitted from the generator 52 to the pump 120
through the cable 45. The ablation is then carried out by energy that is emitted from
the transducer 60 through the irrigation media (e.g., fluid, saline, contrast media or
mixture) inside the cap 62.

[0047] A standard luer fitting 34 is connected to the proximal end of the
tubing 38 extending out from the proximal end 36 of the handle assembly 32 using
techniques that are well-known in the catheter art. The luer fitting 34 provides a fluid
line for irrigation media to be introduced to cool the transducer 60 at the distal tip
section 24 of the shaft 22. The irrigation media is delivered via the infusion tube 35
and into the irrigation tube 100 that extends from the luer fitting 34, and terminates in
the bore 64 of the cap 62. The irrigation media exits from the holes 98 located
distally of the transducer 60 at the distal end of the cap 62. In another embodiment,
the cap 62 is completely closed without the distally located holes 98, and the
irrigation media entering the bore 64 is withdrawn back out through another lumen
tube (not shown) towards the proximal end of the catheter.

[0048] A connector assembly 40 is also connected to the proximal end 36 of
the handle assembly 32 using techniques that are well-known in the catheter art. The

connector assembly 40 has a proximal connector 42 that couples the handle assembly
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32 to the connector 44 of a cable 46 that leads to an ultrasound generator 52. An EP
monitoring system 50 is coupled to the ultrasound generator 52 via another cable 48.
The EP monitoring system 50 can be a conventional EP monitor which receives (via
the ultrasound generator 52) electrical signals detected by the electrodes 58, and
processes and displays these intracardiac signals to assist the physician in locating the
arrhythmogenic sites or pathways. The ultrasound generator 52 can be a conventional
ultrasound generator that creates and transmits ablating energy to the transducer 60,
which emits the acoustic energy to ablate the tissue that extends radially from the
position of the cap 62.

[0049] Conductor wires 51 extend from the ultrasound generator 52 along the
cables 46 and 48 (through the connector assembly 40, the handle assembly 32 and the
lumen 30 of the shaft 22) to the distal tip section 24, where the conductor wires 51
couple the ring electrodes 58. The thermocouple wires 54 couple the cap 62, and the
ultrasound wires 55 couple the transducer 60. The thermocouple wires 54 and
ultrasound wires 55 can extend from the cap 62 and transducer 60 through the
channels 67 of the inner sleeve 68 and through the lumen 30 of the shaft 22 and the
handle assembly 32 to the proximal connector 42, where they can be electrically
coupled by the internal thermocouple wires in the cable 46 to the ultrasound generator
52 where the temperature can be displayed.

[0050] The handle assembly 32 also includes a steering mechanism 70 that
functions to deflect the distal tip section 24 of the shaft 22 for maneuvering and
positioning the distal tip section 24 at the desired location in the heart. Referring to
FIG. 3, the steering mechanism 70 includes a steering wire 72 that extends in the main
lumen 30 of the shaft 22 from its proximal end at the handle assembly 32 to its distal

end which terminates at the distal end 26 of the shaft 22 before the location of the
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distal tip section 24. The distal end of the steering wire 72 is secured to a flat wire 75
that is fixedly positioned inside the handle assembly 32. The flat wire 75 extends in
the lumen 30 from the anchor to its distal end at a location slightly proximal to the
inner sleeve 68. The flat wire 75 is attached to the steering wire 72 at the distal ends
of the flat wire 75 and the steering wire 72 so as to be controlled by the steering wire
72. Specifically, by pushing the steering mechanism 70 forward in a distal direction,
the steering mechanism 70 will pull the steering wire 72 in a proximal direction,
causing the distal tip section 24 to deflect to one direction. By pulling back the
steering mechanism 70 in a proximal direction, the steering wire 72 is deactivated and
the distal tip section 24 returns to its neutral position or deflects to the opposite
direction for bi-directionality.

[0051] The operation and use of the catheter system 20 will now be described.
To introduce and deploy the distal tip section 24 within the heart, the physician uses a
conventional introducer sheath to establish access to a selected artery or vein. The
physician introduces the shaft 22 through a conventional hemostasis valve on the
introducer and progressively advances the catheter through the access vein or artery
into the desired location within the heart. The physician observes the progress of the
catheter using fluoroscopic or ultrasound imaging. The catheter can include a radio-
opaque compound, such as barium sulfate, for this purpose. Alternatively, radio-
opaque markers can be placed at the distal end of the introducer sheath.

[0052] The shaft 22 and the introducer sheath can be maneuvered to the left or
right atrium or ventricle by the steering mechanism 70. Once located in the target
location, good contact is established when the ring electrodes 58 contact the target
endocardial tissue, and the intracardiac signals of the selected region are recorded

through the ring electrodes 58. The results of the mapping operation are processed
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and displayed at the EP monitoring system 50. A differential input amplifier (not
shown) in the EP monitoring system 50 processes the electrical signals received from
the ring electrodes 58 via the wires 51, and converts them to graphic images that can
be displayed. The thermocouple wires 54 can also function to monitor the
temperature of the surrounding tissue, and provide temperature information to the
ultrasound generator 52.

[0053] Once the desired position of the transducer 60 has been confirmed by
mapping through the ring electrodes 58, and visually through fluoroscopy, the
physician can then increase the irrigation fluid flow rate by turning the power of the
ultrasound generator 52 on which controls the fluid flow rate prior to the start of
ablation. The ultrasound generator 52 delivers high frequency energy that is
propagated through the wires 55 to the ultrasound transducer 60 that is positioned
inside the cap 62. The acoustic energy radiates in a radial manner from the transducer
60, propagates through the irrigation media (which acts as an energy transmitting
medium), exits the cap 62 and then reaches the selected tissue (typically in a pressure
waveform) to ablate the tissue.

[0054] In another embodiment with a modified cap 62a as shown in FIG. 6A,
the acoustic energy after exiting the cap 62a propagates through the blood in the blood
vessel 63 and then reaches the tissue. The balloon 65 serves to center the transducer
within the blood vessel 63.

[0055] ULTRASOUND ABLATION USING EXPANDABLE MEMBER

[0056] Another embodiment of the invention is directed to a catheter for
sensing electrical events about a selected annulus region of the heart and for treating
tissue in the selected annulus region. The catheter comprises a handle assembly; a

shaft having a proximal end coupled to the handle assembly, and a distal end, the
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shaft extending along an axis; a distal ring provided at the distal end and oriented
perpendicular to the axis of the shaft, the distal ring having a plurality of electrodes
positioned in spaced-apart manner about the distal ring; an ablation element
positioned spaced apart from the distal ring an expandable member covering the
ablation element; and wherein the distal ring has a diameter that is greater than the
fully expanded diameter of the expandable member. The ablation element inside the
expandable member includes an ultrasound transducer.

[0057] FIGS. 7-14 illustrate a catheter system 120 according to this
embodiment of the present invention. The catheter system 120 has a tubular shaft 122
having a distal tip section 124, a distal end 126, a proximal end 128, and at least one
lumen 130 extending through the shaft 122. A handle assembly 132 is attached to the
proximal end 128 of the shaft 122 using techniques that are well-known in the
catheter art.

[0058] The distal tip section 124 includes an expandable balloon 138 and a
distal ring 180 that makes up the distal-most end of the shaft 122. A transducer 160
(e.g., piezoelectric or ultrasound) is housed inside the balloon 138. The balloon 138
can be made from any conventional material (such as but not limited to silicone,
polyurethane, latex, polyamide and polyethylene), and heat bonded or otherwise
attached to the shaft 122 using techniques that are well-known in the catheter art.
[0059] The distal ring 180 can be preformed into a generally curved or
circular shape, resembling an open arc segment. The shape of the distal ring 180
corresponds to the circumferential geometry of a selected annulus (e.g., the PV) in the
heart. In fact, the preformed shape of the distal ring 180 can be provided in a variety
of curved geometries to overlie the anatomical geometry of the selected annulus. The

distal ring 180 includes a transition section 182 that extends distally at an angle from
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the longitudinal axis of the shaft 122, and has a generally open-looped circular section
184 that extends from the transition section 182. As best seen from FIG. 9, the
circular section 184 is oriented at an approximately perpendicular orientation from the
longitudinal orientation of the shaft 122. The distal ring 180 can be made from the
same material as the shaft 122. Such a material can be an electrically nonconductive,
biocompatible, resilient plastic material which retains its shape and which does not
soften significantly at human body temperature (e.g., Pebax' ", polyethylene or
polyester). As a non-limiting example, the geometry of the distal ring 80 can be
created by thermoforming it into the desired shape.

[0060] A plurality of thermocouple wires 154 can have their distal tips
secured to the interior surface of the balloon 138 (see FIG. 9), and are used to detect
the temperature at the treatment site.

[0061] A plurality of ring electrodes 158 are provided in spaced-apart manner
about the circular section 184 of the distal ring 180. The ring electrodes 158 can be
made of a solid, electrically conducting material, such as platinum or gold, and are
attached about the circular section 184. Alternatively, the ring electrodes 158 can be
formed by coating the exterior surface of the circular section 184 with an electrically
conducting material, such as platinum or gold. The coating can be applied by
sputtering, ion beam deposition or similar known techniques. The number of ring
electrodes 158 can vary depending on the particular geometry of the region of use and
the functionality desired.

[0062] As will be explained in greater detail below, the ring electrodes 158
function to map the region of the heart that is to be treated. After the mapping has
been completed, the balloon 138 is positioned at the location where ablation is to be

performed, and the distal ring 180 functions to anchor the position of the balloon 138.
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The balloon 138 is expanded, but even the greatest expanded diameter of the balloon
138 will be provided to be less than the diameter of the distal ring 180 when the distal
ring 180 is fully deployed (see FIGS. 8, 9, and 13). The ablation is then carried out by
energy that is emitted from the ultrasound transducer 160 through the inflation media
(e.g., fluid, saline, contrast media or mixture) inside the balloon 138, and the balloon
138 itself.

[0063] A standard Luer fitting 134 is connected to the proximal end 136 of the
handle assembly 132 using techniques that are well-known in the catheter art. The
Luer fitting 134 provides a fluid line for inflation media to be introduced to inflate the
balloon 138 at the distal tip section 124 of the shaft 122. The inflation media is
delivered via an inflation lumen 176 that extends from the handle assembly 132 (and
coupled to the line 178 of the Luer fitting 134), and terminates at the balloon 138.
[0064] A connector assembly 140 is also connected to the proximal end 136 of
the handle assembly 132 using techniques that are well-known in the catheter art. The
connector assembly 140 has a proximal connector 142 that couples the handle
assembly 132 to the connector 144 of a control line 146 that leads to an ultrasound
generator 152. An EP recording system 150 is coupled to the ultrasound generator
152 via another line 148. The EP recording system 150 can be a conventional EP
monitor which receives (via the ultrasound generator 152) electrical signals detected
by the ring electrodes 158 at the distal tip section 124, and processes and displays
these electrical signals to assist the physician in locating the site of potentials in a PV.
The ultrasound generator 152 can be a conventional ultrasound generator that creates
and transmits ablating energy to the ultrasound transducer 160 that is positioned
inside the balloon 138. The ultrasound transducer 160 will emit the energy to ablate

the tissue that extends radially from the position of the balloon 138.
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[0065] Electrical wires (not shown) extend from the ultrasound generator 152
along the lines 146 and 148, and conductor wires 162 and ultrasound wires 163
extend through the connector assembly 140, the handle assembly 132 and the lumen
130 of the shaft 122 to the distal tip section 124 of the shaft 122 to couple the ring
electrodes 158 and the transducer 160, respectively. In addition, the thermocouple
wires 154 can extend from the balloon 138 through the lumen 130 of the shaft 122
and the handle assembly 132 to the proximal connector 142, where they can be
electrically coupled by the wires in the line 146 to the ultrasound generator 152 where
the temperature can be displayed.

[0066] The handle assembly 132 also includes a steering mechanism 170 that
functions to deflect the distal tip section 124 of the shaft 122 for maneuvering and
positioning the distal tip section 124 at the desired location in the heart. Referring to
FIGS. 7, 11, and 14, the steering mechanism 170 includes a steering wire 172 that
extends in the main lumen 130 of the shaft 122 from its proximal end at the handle
assembly 132 to its distal end which terminates in the distal tip section 124 before the
location of the balloon 138. The proximal end of the steering wire 172 is wound
around or secured to an anchor 177 that is fixedly positioned inside the handle
assembly 132. The steering mechanism 170 also includes a flat wire 175 that extends
in the lumen 130 from the anchor 177 to its distal end at a location slightly proximal
to the balloon 138 (as shown in FIG. 11). The flat wire 175 is attached to the steering
wire 172 at the distal ends of the flat wire 175 and the steering wire 172 so as to be
controlled by the steering wire 172. Specifically, by pushing the steering mechanism
170 forward in a distal direction, the steering mechanism 170 will pull the steering
wire 172 in a proximal direction, causing the distal tip section 124 to deflect to one

direction (see in phantom in FIG. 14). By pulling back the steering mechanism 170 in
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a proximal direction, the steering wire 172 is deactivated and the distal tip section 124
returns to its neutral position or deflects to the opposite direction.

[0067] The distal ring 180 can be preformed to a fixed size (i.e., diameter) and
shape that cannot be changed. Alternatively, the diameter of the distal ring 180 can
be adjusted using techniques and incorporating mechanisms that are well-known in
the catheter art.

[0068] FIGS. 12 and 13 illustrate how the catheter system 120 is used. First, a
guide sheath 188 is provided to deliver the shaft 122 and distal ring 180 to the desired
location (e.g., the left atrium) in the heart. The shaft 122 is slid into the hollow lumen
of the guide sheath 188, and the guide sheath 188 can slide forward and backward
along the longitudinal axis of the shaft 122. When the guide sheath 188 is slid
forwardly towards the distal ring 180, the distal ring 140 is progressively straightened
out and drawn into the lumen of the guide sheath 188. Thus, when confined with the
guide sheath 188, the distal ring 180 assumes the generally linear low profile shape of
the guide sheath 188, which allows a physician to employ conventional percutaneous
access techniques to introduce the catheter 120 into a selected region of the heart
through a vein or artery. When the guide sheath 188 is slid rearwardly away from the
distal ring 180, the distal ring 180 is uncovered and its resilient memory will cause the
distal ring 180 to re-assume its preformed generally circular shape.

[0069] To introduce and deploy the distal tip section 124 within the heart, the
physician uses a conventional introducer to establish access to a selected artery or
vein. With the guide sheath 188 confining the distal ring 180, and with the balloon
138 deflated, the physician introduces the shaft 122 and the guide sheath 188 through
a conventional hemostatic valve on the introducer and progressively advances the

guide sheath 188 through the access vein or artery into the desired atrium, such as the
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left atrium as shown in FIG. 12. The physician observes the progress of the guide
sheath 188 using fluoroscopic or ultrasound imaging. The guide sheath 188 can
include a radio-opaque compound, such as barium, for this purpose. Alternatively,
radio-opaque markers can be placed at the distal end of the guide sheath 188.

[0070] The shaft 122 and the guide sheath 188 can be maneuvered to the left
atrium by the steering mechanism 170. Once located in the left atrium, the physician
slides the guide sheath 188 back to free the distal ring 180 which resiliently returns to
its preformed shape. The distal ring 180 is then maneuvered into contact with the
selected annulus (e.g., the ostium) with the aid of fluoroscopy. Good contact is
established when the ring electrodes 158 contact the selected annulus, and at this time,
the physician operates a control located on the ultrasound generator 152 to effectuate
the mapping of the selected annulus by the ring electrodes 158. The results of the
mapping operation are processed and displayed at the EP recording system 150. A
differential input amplifier (not shown) in the EP recording system 150 processes the
electrical signals received from the ring electrodes 158 via the wires 162, and converts
them to graphic images that can be displayed. The thermocouple wires 154 can also
function to monitor the temperature of the surrounding tissue, and provide
temperature information to the ultrasound generator 152. Throughout this mapping
operation, the balloon 138 remains deflated.

[0071] Once the mapping operation has been completed, the distal tip section
124 is maneuvered forward so that the balloon 138 can be positioned at the desired
treatment location (e.g., the PV ostium in FIG. 13). Once the desired position of the
balloon 138 has been confirmed, the physician can then inflate the balloon 138 using
inflation media. The balloon 138 is preferably manufactured using known techniques

to a predetermined diameter so that its diameter at its maximum expansion will be less

23



WO 2012/106492 PCT/US2012/023579

than the diameter of the distal ring 180 and the annulus or vessel (e.g., the PV in FIG.
13) where the ablation is to take place. The physician then controls the ultrasound
generator 152 to generate ultrasound energy that is propagated through the wires 163
to the ultrasound transducer 160 that is positioned inside the balloon 138. The energy
radiates in a radial manner from the transducer 160, propagates through the inflation
media (which acts as an energy transmitting medium) inside the balloon 138, exits the
balloon 138 and then reaches the selected tissue (typically in a waveform) to ablate
the tissue. See the arrows E in FIG. 13 which illustrate the radiation of the energy
from the transducer 160.

[0072] During the ablation, the distal ring 180 functions to anchor the distal
tip section 124 inside the PV at the desired location so that the ablation can be
performed accurately. In contrast to known catheter systems where the same element
is used to anchor and ablate, by providing a separate element (i.e., the distal ring 180)
to anchor the distal tip section 124, the function of the ablation element (i.e., the
balloon 138 and transducer 160) will not be affected by the anchoring device, thereby
ensuring that the ablation is performed accurately and effectively. In addition, since
the maximum diameter of the balloon 138 is always smaller than the smallest
diameter of the distal ring 180, blood will be able flow through the distal ring 180 and
around the surfaces of the balloon 138. When the ablation has been completed, the

balloon 138 is deflated and the distal tip section 124 withdrawn from the heart.

[0073] ULTRASONIC ABLATION WITH DISCRETE STAGGERED
ABLATION ZONES
[0074] The ablation transducer 60 in FIG. 3 and the ablation transducer 160 in

FIG. 9 emit ultrasonic energy around the circumference to produce ablation zones that

form a substantially closed loop in the target tissue. For renal denervation, a closed
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loop ablation is not desirable due to the risk of renal artery/vein stenosis. According
to the present invention, the ultrasonic transducer produces ablation zones that span
one or more open arc segments around the longitudinal axis of the catheter, but all the
ablation zones projected longitudinally onto any lateral plane which is perpendicular
to the longitudinal axis span a substantially closed loop around the longitudinal axis.
Because the ablation zones do not form a closed loop, the risk of renal artery/vein
stenosis is reduced or eliminated. On the other hand, because the ablation zones of all
the ablation elements projected longitudinally onto any lateral plane span a
substantially closed loop, a complete renal denervation is achieved.

[0075] Piezoelectric ceramic and crystals are used in ultrasound transducers to
transmit and receive ultrasound waves. A piezoelectric crystal changes the physical
dimensions when subjected to an electric field. The piezoelectric crystal in ultrasound
transducers has electrodes attached to its front and back for the application and
detection of electrical charges. The crystal consists of numerous dipoles, and in the
normal state, the individual dipoles have an oblique orientation with no net surface
charge. In ultrasound physics, an electric field applied across the crystal will realign
the dipoles and results in compression or expansion of the crystal, depending on the
direction of the electric field. For the transmission of a short ultrasound pulse, a
voltage spike of very short duration is applied, causing the crystal to initially contract
and then vibrate for a short time with its resonant frequency.

[0076] FIG. 15 illustrates an ultrasonic transducer having electrodes arranged
to produce discrete, staggered ablation zones. FIG. 15ais a front elevational view,
and FIG. 15b is a side elevational view. The transducer has a hollow interior, an inner
surface facing the hollow interior, and an outer surface facing outwardly away from

the hollow interior, a plurality of external electrodes disposed on the outer surface of
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the piezoelectric element, and at least one internal electrode disposed on the inner
surface of the piezoelectric element. In the embodiment shown, the transducer is
cylindrical in shape, and includes internal and external electrodes with a piezoelectric
elements sandwiched therebetween. Instead of having internal and external electrodes
that each extend around the circumference of the transducer, discrete electrodes are
used to provide sector ablation, forming a plurality of discrete ablation zones.

[0077] In FIG. 15, the transducer 300 includes a piezoelectric element 302
having on its outer surface a plurality of external electrodes 306. The transducer 300
may have a plurality of corresponding internal electrodes that correspond to the
external electrodes 306 (each pair of corresponding internal electrode and external
electrode being disposed generally directly on opposite sides of the piezoelectric
element 302). Alternatively, it may instead have a single internal electrode 308 on the
inner surface of the piezoelectric element 302. The single internal electrode 308
covers an area sufficiently large to include internal electrode portions that correspond
to the external electrodes 306 (each pair of corresponding internal electrode portion
and external electrode being disposed generally directly on opposite sides of the
piezoelectric element 302). In a specific embodiment, the single internal electrode
308 covers the entire inner surface of the piezoelectric element 302. Examples of
materials for the piezoelectric element 302 include piezoceramics such as PZT (lead
zirconate titanate). The electrodes 306, 308 are metallic coatings or plates (e.g.,
nickel) formed on the inner and outer surfaces of the piezoelectric element 302. Each
of the electrodes 306, 308 is connected via a conductor wire to an energy source (e.g.,
electrical, RF, or the like). If there are independent energy sources, energy can be
supplied to the electrodes independently. Otherwise, energy is supplied to the

electrodes simultaneously.
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[0078] The energy source is usually RF because it produces ultrasonic energy
at a wavelength that is suitable for tissue ablation or nerve denervation. The
ultrasonic energy is typically about 6.8 to 7.5 MHz. The transducer 300 is a
thickness-mode transducer in specific embodiments. In one example, the
piezoelectric element 302 has a nominal thickness of about 0.0115 inch. The
electrodes 306, 308 are even thinner, typically several microns (e.g., 4-5 microns).
[0079] FIG. 15 shows two discrete external electrodes 306a, 306b. They are
generally semicircular, and are disposed on opposite sides of the cylindrical
transducer 300 and longitudinally spaced from one another so as not to form a
complete loop around the longitudinal axis 310 of the transducer 300. The
longitudinal axis 310 of the transducer 300 is parallel to the longitudinal axis of the
catheter and, typically, the two longitudinal axes coincide with one another. When
energy is supplied to the electrodes 306, 308 with the piezoelectric element 302
sandwiched therebetween, ultrasonic energy is transmitted from the external
electrodes 306a, 306b outwardly for sector ablation within the corresponding ablation
zones 316a, 316b of the external electrodes 306a, 306b. The ultrasonic energy is
carried by the irrigation fluid between the transducer 300 (replacing 60) and the cap
62 of FIG. 3, or by the fluid inside the balloon 138 of FIG. 9. Blood within the
patient’s body in which the transducer 300 is disposed may also carry the ultrasonic
energy to the target tissue or nerve.

[0080] The arrangement of the external electrodes 306a, 306b produces the
staggered ablation zones 316a, 316b that span open arc segments around the
longitudinal axis 310 of the transducer 300. Each ablation zone is a region that is
energized with sufficient energy to ablate tissue or denervate nerves within the

ablation zone. The two staggered, generally semi-circular external electrodes 306a,
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306b produce the ablation zones 316a, 316b that form open arc segments around the
longitudinal axis 310. The two external electrodes 306a, 306b may extend beyond
180°, so long as they produce ablation zones that do not form a closed loop. In other
embodiments, there may be three or more external electrodes of other shapes.

[0081] FIG. 16 illustrates the ablation zones 320 of all the external electrodes
306 that, when projected longitudinally onto any lateral plane which is perpendicular
to the longitudinal axis 310, span a closed loop around the longitudinal axis. In the
embodiment illustrated by FIG. 16, the closed loop is completely closed. In other
embodiments, the loop is substantially closed. The substantially closed loop has one
or more open portions. The aggregate open portion of the substantially closed loop is
about 30 percent or less of the substantially closed loop. The energy source may
supply energy to the independently controlled electrodes 306, 308 of the transducer
300 simultaneously or sequentially or in an arbitrary order to produce the ablation
zones 316a, 316b. In this way, tissue ablation or renal denervation or the like can be
performed efficiently, effectively, and quickly, and in accordance with user selection.
[0082] In specific embodiments, the external electrodes span one or more
open arc segments around the longitudinal axis, but all the external electrodes
projected longitudinally onto any lateral plane which is perpendicular to the
longitudinal axis span a substantially closed loop around the longitudinal axis.

[0083] FIG. 17 is a block diagram of an ablation system 400 illustrating a
control unit 410 which controls energy sources 420 to supply energy to the ultrasound
transducer electrodes 430 to transmit ultrasonic energy for ablation. This embodiment
shows a plurality of energy sources (420a, 420b, 420c) for supplying energy to

independent electrodes (430a, 430b, 430c) for ablation simultaneously or
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independently. For example, the electrodes 430a, 430b are external, and the electrode
430c is internal. The energy sources 420 may come from a single energy generator.
[0084] FIG. 18 is a block diagram of an ablation system 500 illustrating a
control unit 510 which controls an energy source 520 to supply energy to the
ultrasound transducer electrodes 530 to transmit ultrasonic energy for ablation. This
embodiment shows a single energy source 520 for supplying energy to the electrodes
(530a, 530b, 530c) for ablation simultaneously. For example, the electrodes 530a,
530b are external, and the electrode 530c is internal.

[0085] In the description, numerous details are set forth for purposes of
explanation in order to provide a thorough understanding of the present invention.
However, it will be apparent to one skilled in the art that not all of these specific
details are required in order to practice the present invention. Additionally, while
specific embodiments have been illustrated and described in this specification, those
of ordinary skill in the art appreciate that any arrangement that is calculated to achieve
the same purpose may be substituted for the specific embodiments disclosed. This
disclosure is intended to cover any and all adaptations or variations of the present
invention, and it is to be understood that the terms used in the following claims should
not be construed to limit the invention to the specific embodiments disclosed in the
specification. Rather, the scope of the invention is to be determined entirely by the
following claims, which are to be construed in accordance with the established
doctrines of claim interpretation, along with the full range of equivalents to which

such claims are entitled.
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WHAT IS CLAIMED IS:

1. An ablation apparatus comprising an ultrasonic transducer which includes:

a piezoelectric element having a cylindrical shape with a longitudinal axis, an
inner surface facing inwardly toward the longitudinal axis, and an outer surface facing
outwardly away from the longitudinal axis;

a plurality of external electrodes disposed on the outer surface of the
piezoelectric element; and

at least one internal electrode disposed on the inner surface of the piezoelectric
element;

wherein the at least one internal electrode provides corresponding internal
electrode portions that are disposed opposite the plurality of external electrodes with
respect to the piezoelectric element, the external electrodes and the at least one
internal electrode to be energized to apply an electric field across the piezoelectric
element between the external electrodes and the corresponding internal electrode
portions, so as to produce ultrasonic ablation zones extending from the energized
external electrodes outwardly away from the longitudinal axis; and

wherein the ultrasonic ablation zones of the external electrodes are distributed
in a staggered configuration so as to span one or more open arc segments around the
longitudinal axis, and the ultrasound ablation zones of all the external electrodes
projected longitudinally onto any lateral plane which is perpendicular to the

longitudinal axis span a substantially closed loop around the longitudinal axis.

2. The ablation apparatus of claim 1,
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wherein the external electrodes are discretely spaced from each other at least
one of longitudinally or laterally, and at least two of the external electrodes are spaced

from one another longitudinally.

3. The ablation apparatus of claim 1,

wherein the external electrodes span one or more open arc segments around
the longitudinal axis, and all the external electrodes projected longitudinally onto any
lateral plane which is perpendicular to the longitudinal axis span a substantially closed

loop around the longitudinal axis.

4. The ablation apparatus of claim 1,
wherein the external electrodes and the at least one internal electrode are
independently controlled to be energized in one of simultaneous manner, sequential

manner, and arbitrary manner to produce the ultrasonic ablation zones.

5. The ablation apparatus of claim 1,
wherein the external electrodes and the at least one internal electrode are

energized by radiofrequency (RF) energy.

6. The ablation apparatus of claim 1, further comprising:
a body having a fluid cavity in which the ultrasonic transducer is disposed, the

fluid cavity containing a fluid for transmitting ultrasonic energy.

7. The ablation apparatus of claim 6,
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wherein the fluid cavity has a fluid inlet for fluid flow into the fluid cavity and

a fluid outlet for fluid flow out of the fluid cavity.

8. The ablation apparatus of claim 1, further comprising:

a handle assembly;

a shaft having a main lumen, a proximal end coupled to the handle assembly,
and a distal end;

a distal tip section coupled to the distal end of the shaft, the distal tip section
having a non-compliant and non-porous cap that has a tubular wall that defines a bore;
and

an irrigation tube extending through the main lumen and having a distal end
that terminates in the bore, the irrigation tube to supply irrigation fluid to the bore;

wherein the ultrasonic transducer is housed inside the bore and spaced apart

from the wall of the cap.

0. The ablation apparatus of claim 8, further comprising:

a plurality of thermocouple wires that are connected to the cap.

10. The ablation apparatus of claim 8, further comprising:
a plurality of ring electrodes provided in a spaced-apart manner about the

outer surface of the shaft adjacent the distal tip section.

11. The ablation apparatus of claim 8, further comprising:

an inner sleeve secured in the main lumen at the distal end of the shaft.
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12. The ablation apparatus of claim 8, further comprising:
an inner supporting member that extends through the main lumen of the shaft

and the bore of the cap.

13. The ablation apparatus of claim 1, further comprising:

a handle assembly;

a shaft having a main lumen, a proximal end coupled to the handle assembly,
and a distal end;

an inner sleeve secured in the main lumen;

a distal tip section coupled to the distal end of the shaft, the distal tip section
having a non-compliant and non-porous cap that has a tubular wall that defines a bore;

an inner supporting member that extends through the main lumen of the shaft
and the bore of the cap; and

an outer supporting member that extends through the inner sleeve and into the
bore, with the inner supporting member housed in the outer supporting member;

wherein the ultrasonic transducer is housed inside the bore and spaced apart

from the wall of the cap.

14. The ablation apparatus of claim 13,
wherein the inner supporting member is selected from the group consisting of
a coil, a flat wire, and made of a material selected from the group consisting of a

metal, an alloy, and a polymer.

15. The ablation apparatus of claim 1, further comprising:
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an expandable member providing a fluid cavity in which the ultrasonic

transducer is disposed.

16. The ablation apparatus of claim 15, further comprising:

a handle assembly;

a shaft having a proximal end coupled to the handle assembly, and a distal
end, the shaft extending along an axis; and

a distal ring provided at the distal end and oriented perpendicular to the axis of
the shaft, the distal ring having a plurality of electrodes positioned in spaced-apart
manner about the distal ring;

wherein the ultrasonic transducer is positioned spaced apart from the distal
ring; and

wherein the distal ring has a diameter that is greater than the fully expanded

diameter of the expandable member.

17. The ablation apparatus of claim 16, further comprising:
an energy source coupled to the ultrasonic transducer; and
means coupled to the plurality of electrodes for processing electrical signals

received from the plurality of electrodes.

18. An ablation apparatus comprising a body have an axis and an ultrasonic
transducer connected to the body, the ultrasonic transducer including:

a piezoelectric element coupled to the body, the piezoelectric element having a
hollow interior, an inner surface facing the hollow interior, and an outer surface

facing outwardly away from the hollow interior;
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a plurality of external electrodes disposed on the outer surface of the
piezoelectric element; and

at least one internal electrode disposed on the inner surface of the piezoelectric
element;

wherein the at least one internal electrode provides corresponding internal
electrode portions that correspond to the plurality of external electrodes, the external
electrodes and the at least one internal electrode to be energized to apply an electric
field across the piezoelectric element between the external electrodes and the
corresponding internal electrode portions, so as to produce ultrasonic ablation zones
extending from the energized external electrodes outwardly away from the hollow
interior; and

wherein the ultrasonic ablation zones of the external electrodes are distributed
in a staggered configuration so as to span one or more open arc segments around the
axis of the body, and the ultrasound ablation zones of all the external electrodes
projected longitudinally onto any lateral plane which is perpendicular to the axis of

the body span a substantially closed loop around the axis of the body.

19. The ablation apparatus of claim 18,

wherein the external electrodes span one or more open arc segments around
the axis of the body, and all the external electrodes projected longitudinally onto any
lateral plane which is perpendicular to the axis of the body span a substantially closed

loop around the axis of the body.

20. The ablation apparatus of claim 18,
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wherein the body has a fluid cavity in which the ultrasonic transducer is

disposed, the fluid cavity containing a fluid for transmitting ultrasonic energy.
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