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ENERGY APPLICATION WITH INFLATABLE ANNULAR LENS

TECHNICAL FIELD OF THE INVENTION

The present application relates to medical procedures such
as hyperthermia, and to apparatus adapted for use these and
other procedures.
BACKGROUND ART

In certain medical procedures, it is desirable to  heat
tissue surrounding a tubular anatomical structure such as a
blood wvessel or a gastrointestimnal, wurinary, genital, or
regspiratory structure. Depending wupon the condition to be
treated, energy may be applied to the tissue constituting the
wall of the structure, oxr to tissue surrounding the wall.
Energy may be applied to heat the tissue to a degree sufficient
to cause death of the tissue. Heating to this degree is

referred to herein as "ablation.!" Typically, heating to about

60-80°C is sufficient.

For example, the prostate, which surrounds the urethra in
males, may become enlarged and constrict the urethra. To
relieve thig condition, the tissue of the prostate gland can be
ablated.

Also, contraction or '"beating" of the heart is controclled
by electrical impulses generated at nodes within the heart and
transmitted along conductive pathways extending within the wall
of the heart. Certain diseases of the heart known as cardiac
arrhythmias involve abnormal generation or conduction of the
electrical impulses. One such  arrhythmia is atrial
fibrillation or "AF." Certain cardiac arrhythmias can be
treated by deliberately damaging the tissue of the cardiac wall
along a path crossing a route of abnormal conduction. This
causes formation of a scar extending along the path where
disruption occurred. The scar blocks conduction of the
electrical impulses. The abnormal electrical impulses can be

carried by abnormal structures extending within the wall of a



pulmonary vein. Conduction of these abnormal electrical impulses may be blocked by
forming a scar in the wall of the pulmonary vein or in the opening or ostium of the
pulmonary vein.

Many ablation apparatus are in existence. In one such apparatus ablation can
be performed by threading a catheter having a thermal ablation element at its distal
tip into the heart so that the tip is lodged within the appropriate pulmonary vein. The
catheter may bear a balloon which is inflated within the vein and which holds the
catheter in place. The ablating element is then actuated so as to apply heat in a
region surrounding the ablating element. Further to this, the ablating element may
include a radio frequency ("RF") emitting element which i1s carried on the surface of
the balloon. Ablation of the pulmonary vein using RF energy can create a rough,
disrupted surface on the interior of the vein. This or other factors can lead to stenosis
of the pulmonary vein or thrombosis, I. €., formation of blood clots.

Other such apparatus include the use of ultrasonic transducers. In one such
apparatus a rigid ceramic piezoelectric element disposed on a catheter surrounded
by a balloon. When the balloon is inflated, the piezoelectric element remains remote
from the wall of the pulmonary vein. The piezoelectric element can be actuated to
apply sonic energy through a fluid contained in the balloon, thereby heating the ring
of vein wall tissue surrounding the balloon. As a further alternative, an ultrasonic
emitter in the form of a hollow concave disk could be used. Such an emitter can be
physically rotated around the axis of a catheter so as to ablate a ring-like zone.
These transducers have numerous drawbacks.

Ultrasonic heating such as high intensity focused ultrasound (HIFU) is utilised
for many therapeutic applications. In one such application, HIFU heating typically is
conducted using an ultrasonic emitter having an array of transducers. The
transducers are actuated with a drive signal so as to emit ultrasonic waves. The
relative phasing of the waves is controlled by the physical configuration of the array
and the phasing of the drive signal. These factors are selected so that the ultrasonic
waves tend to reinforce one another constructively at a focal location. Tissue at the
focal location is heated to a greater extent than tissue at other locations. In another
such application, HIFU may be applied by transducer arrays such as arrays of
polymeric piezoelectric transducers. These arrays can be mounted on a probe such

as a catheter which can be introduced into the body as, for example, within the




vascular system or into a cavernous internal organ. Certain transducer arrays which
can be deformed so as to vary the placement of the focal location may also be used.

Another such application includes a probe carrying an ultrasonic transducer
array including multiple cylindrical elements spaced apart from one another along a
common axis. The probe can be inserted into an anatomical structure and actuated
to form an annular lesion surrounding the transducer array. The ultrasonic energy is
focused into an annular focal region by phasing the ultrasonic waves emitted from the
individual cylindrical elements.

Despite all of these efforts in the art, there have been needs for further
improvements in the devices and methods used to apply thermal energy to tissue
surrounding tubular anatomical structures. In particular, it would be desirable to
provide simple apparatus which can apply intense energy in a ring or annulus around
a tubular structure, and which can tightly control the zone of energy application.
There have been corresponding needs for further improvement in the devices and
methods used to apply energy to other organs of the body for thermal treatment.

The discussion of documents, acts, materials, devices, articles and the like iIs
included in this specification solely for the purpose of providing a context for the
present invention. It is not suggested or represented that any or all of these matters
formed part of the prior art base or were common general knowledge in the field
relevant to the present invention as it existed in Australia before the priority date of

each claim of the application.

DISCLOSURE OF THE INVENTION

Accordingly in one aspect, the present invention is an apparatus for applying
energy to tissue within the body of a living subject as, for example, tissues
surrounding the wall of a tubular anatomical structure. Apparatus according to this
aspect of the invention includes an ultrasonic emitter having an emitting surface
generally in the form of a surface of revolution about a central axis and an inflatable
lens surrounding the ultrasonic emitter. The lens has a refractive surface generally in
the form of a surface of revolution about the central axis concentric with said emitting
surface and surrounding said emitting surface when the lens is inflated. In operation,
at least some of the ultrasonic energy, and preferably most or all of the ultrasonic

energy emitted at the emitting surface will be directed through the refracted surface




of the lens and directed into the tissue of the subject. The annular region most
preferably has an axial extent less than the axial extent of the emitting surface. The
power emitted over substantially the entire axial extent of the emitting surface will be
directed into the annular region and thus focused in the annular region to provide
effective thermal treatment. Focusing the energy promotes rapid heating and
minimises collateral damage to the neighbouring tissues.

The apparatus may include a structure adapted to engage the wall of the

tubular anatomical structure and hold the
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emitter at a predetermined location relative to the

anatomical structure, preferably at the «center of the
anatomical strxucture so that the focal region i1s precisgely
located relative to the wall of the anatomical structure. The
structure for holding the emitter may include a bearing balloon
gsurrounding the lens and the emitter. Desirably, the bearing
balloon, when inflated, has a predetermined ghape. The
inflatable lens and the bearing balloon are provided with
separate ports so that different fluids, having substantially
the same acoustic impedance but having different acoustic
velocities, can be introduced into the lens and the bearing
balloon to inflate them. Typically, the bearing balloon in its
inflated condition is also in the form of a surface of
revolution such as a cylinder and the emitter and lens are
coaxial with the bearing balloon. The bearing balloon may be
arranged to stretch the anatomical structure slightly so as to
bring the wall of the anatomical structure to a precise, round
shape coaxial with the lens and emitter and thereby position
the lens and emitter precisely relative to the wall. In other
embodiments, the lens itself engages and distends the wall of
the anatomical structure and thus acts to hold the emitter in
precise relationship to the wall of the anatomical structure.

The lens and emitter may be arranged to place the focal
region within the wall or other tissue surrounding the tubular
structure, so that the ultrasonic energy comes to a focus in
the tissue rather than at the surface of the wall. Placing the
focus within the tissue, rather than at the surface of the
tissue, minimizes scarring at the surface and also promotes
rapid heating.

Alternatively, the apparatus may be arranged to direct
sonic energy outwardly from the focal region in a collimated
generally disc-shaped pattern. As described in detail below,
this requires at least two interfaces. The first interface, at

the gurface of the lens, refracts the ultrascnic waves axially



inwardly, toward the place of an annular focal region, whereas the second interface
refracts the inwardly directed to a substantially radially direction. Such a radial,
collimated pattern provides relatively high sonic intensity over a substantial depth into
the surrounding tissue. This facilitates formation of a thermally treated region having
sufficient depth as, for example, an ablated region extending entirely through the wall of
a pulmonary vein or the pulmonary vein ostium to assure reliable interruption of the
abnormal conductive paths present in atrial fibrillation. A radially- extensive pattern also
facilitates ablation or other thermal treatment where the anatomical structure is not
precisely round or where the lens and the emitter cannot be positioned precisely
concentric with the anatomical structure.

Another aspect of the present invention is a method for applying energy to the
tissue surrounding a tubular internal organ of a living subject. Methods according to this
aspect of the invention include the steps of inserting an ultrasonic emitter having an
emitting surface in the form of a surface of revolution about a central axis and a lens
having a refracting surface in the form of a surface of revolution concentric with the
emitter surface so that the emitter and lens are substantially concentric with the tubular
anatomical structure, and actuating the emitter to emit sonic energy so that the sonic
energy is directed into a substantially annular region, concentric with the lens and
emitter and hence substantially concentric with the anatomical structure. Most
preferably, the annular region has axial extent substantially smaller than the axial extent
of the emitter.

As discussed above in connection with the apparatus, focusing of the sound into
an annular region of a relatively small axial extent concentrates the sonic energy and
permits efficient and precise thermal treatment. In particular, concentration of the sonic

energy into a relatively small axial
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region facilitates rapid heating of a ring-like portion

of tissue surrounding the anatomical structure. This
facilitates ablation or other thermal treatment in such a ring-
like region and helps to limit undesired heating of adjacent
tissues. Methods according to this aspect of the invention can
be used for ablation of the pulmonary vein or pulmonary vein
ostium to treat atrial fibrillation, for treatment of the
prostate, and for other conditions.

Other objects, features and advantages of the present
invention will be more readily apparent from the detailed
description of the preferred embodiments set forth below, taken
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a fragmentary diagrammatic view depicting
apparatus according to a further embodiment of the invention in
conjunction with a blood vessel.

FIG. 2 is a diagrammatic sectional view taken along line
2-2 in FIG. 1.

FIGS. 3, 4, 5 and 6 axre views similar to FIG. 1, but
depicting apparatus according to further embodiments of the
invention.

FIG. 7 1is an end view of a transducer used in an
embodiment of the invention.

FIG. 8 is a sectional view of the transducer of FIG. 7.

FIG. 9 is a perspective view of a part of the transducer
of FIGS. 7 and 8.

FIG. 10 is a fragmentary view on an enlarged scale of the
area indicated in FIG. 8.

MODES FOR CARRYING OUT THE INVENTION

Apparatus according to one embodiment of the invention
(FIGS. 1 and 2) includes a probe structure 710 incorporating a
single multi-lumen catheter 716. A first fitting 705 at the
proximal end of the catheter communicates with Jlumen 701

whereas another fitting 707 at the proximal end of the catheter
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communicates with lumen 703. An emitting element 720 having

an emitting surface generally in the form of a surface of
revolution is mounted to catheter 716 adjacent the distal end
709 of the catheter. The emitting element defines a medial
plane 721 perxrpendicular to central axis 724 midway between the
proximal and distal ends of the emitting element. A bearing
balloon 711 surrounds the emitting element. The bearing
balloon is formed from a flexible material such as a polymef.
Materials similar to those used to form noncompliant balloons
in the angioplasty art, such as f£ilms of PET, PETG, nylon,
polyurethane, polyethylene and other polymers can be used.
Typically, such Dballoons are inflated to a relatively high
preselected inflation pressure, referred to herein as the
“design inflation pressure," such as a few atmospheres to 10 or
12 atmospheres. Inflation pressures of this order render the
balloon relatively rigid. Stated another way, the balloon will
assume a predictable, preselected shape when inflated to the
design inflation pressure, with minimal deviation from thig
shape despite variations in external pressure applied by the
surrounding blood and soft tissue. The balloon wall desirably
has the minimum thickness required to withstand the design
inflation pressure without rupturing, as, for example, about
.001 inches (1 mil) or less, preferably about 0.5 mils or less.

In its inflated configuration, the bearing balloon has a
substantially cylindrical wall section 713 coaxial with the
central axis 724 of the emitting element. The bearing balloon
communicates with Iumen 703 through a port 705. A lens balloon
717 surrounds the emitting element 720 within bearing balloon
711. The lens balloon also has a preselected shape in a fully
inflated condition. The preselected shape of the lens balloon
ig surface of revolution about central axis 724, concentric
with the cylindrical section of bearing balloon 713 and with
the c¢ylindrical emitting element 720. The lens Dballoon is

convex. That 1ig, the generatrix forming the surface of
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revolution defined by the lens balloon has its greatest radius

adjacent the medial plane 721 of the emitting element. The
interior of lens balloon 717 is connected to lumen 701 by a
port 710.

In a method according to a further embodiment of the
invention, the distal end of the catheter is advanced into the
body of a living subject while the balloons are in a deflated
condition. This advancement i1s continued until the emitting
element and balloons are disposed within a tubular anatomical
structure such as a blood vessel as, for example, a pulmonary
vein in a subject suffering from atrial fibrillation. In its
normal state, the pulmonary vein V typically is not precisely
round. For example, the vein wmay have the cross-sectional
shape indicated by dot-dash lines in FIG. 10. Lens balloon 717
igs inflated by passing a fluid having acousgstic velocity less
than that of acqueous fluids but having acoustic impedance close
to that of an aqueous fluid as, for example, a fluorccarbon,
into the balloon through fitting 705, lumen 701 and port 719.
Bearing balloon 711 is inflated with an aqueous f£luid such as
water or saline.

In the fully inflated condition, the cylindrical section
713 of bearing balloon 711 has a circumference larger than the
normal, undistended circumference of the wvein V. Therefore,
inflation of bearing balloon 711 distends the vein slightly and
places the vein wall V in close, intimate contact with the
bearing balloon around the entire cylindrical section 713. The
amount of distention is not critical. The distention desirably
ig sufficient to assure contact between the bearing balloon's
cylindrical surface 713 and the vein wall at all points, but
desirably not so great as to damage the vein wall,
Typically, the circumference of the bearing balloon in its
inflated condition igs selected to be about 5% to about 10%
greater than the normal, undistended circumference of the wvein

wall. Because the bearing balloon has a preselected shape with
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its cylindrical surface disposed at a known,

predetermined distance from the central axis 724, the central
axis and hence the emitting element 720 and lens balloon 717
are positioned at precise distances from the vein wall, and are
concentric with the wvein wall, when the bearing balloon is
inflated. Emitting element 720 is actuated, as by applying
signals to a connector 731 at the proximal end of the probe
structure so that guch signale can be conducted to the emitting
element through conductors (not shown) carried in or along the
probe structure. Once again, the emitting element emits
substantially c¢ylindrical ultrasonic waves which propagate
substantially radially as indicated by arrows 733 in FIG. 9.
These waves are refracted at the interface £formed by the
different fluids in 1lens balloon 717 and bearing balloon 713
and bent towards the medial plane 721 as indicated by arrows
735 and hence focused intoe an annular focal region 737
concentric with central axis 724. Because the central axis is
concentric with the distended vein wall, the focal region lies
at a substantially equal distance to the vein wall around the
entire circumference of the vein. Stated another way, the
focal region is disposed at a substantially equal depth within
the wvein tissue at all points around the circumference of the
vein. Moreover, the acoustic waves will be coupled efficiently
into the tissue at the interface between the bearing balloon
and the vein wall. Therefore, the tissue will be heated evenly
throughout the circumference of the vein. Because the acoustic
power from the entire emitting element 720 is focused into a
small focal region 737, tissue in and around the focal region
is heated rapidly, so that ablation or other thermal treatment
can be performed with only minimal heating of other tissues.
Although the foregoing discussion refers to ablation of
the vein wall, it should be appreciated that the technique
discussed above with reference to FIGS. 10 and 11 can be

applied to ablation of the ostium and to the transition region
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between the ostium and the vein itself. The ostium is composed

entirely of myocardial tissue, whereas the vein i1s composed
entirely of wvein tissue except for abnormal strands of
myocardial tissue in the case of patients suffering from atrial
fibrillation. These abnormal strands act as electrical
initiators or triggerz to produce ectopic beatsg, i.e.,
disorganized beats. The transition region includes both
myocardial and wvein tissue. Whether the ablation is conducted
in the ostium, in the transition region or in the vein, it is
normally regarded as desirable to provide complete transmural
ablation, i1.e., to ablate tissue entirely through the wall so
as to be certain that the abnormal strands are ablated or fully
isolated from the myocardial tissue of the heart by a barrier
of scar tissue.

The apparatus and methods can be used for purposes other
than ablation of tissues of the heart and circulatory vessels.
For example, any tubular internal organ can be treated 1in a
manner similar to that described above to ablate the tissue
surrounding the interior of the organ. In a condition referred
to as gastroesophageal reflux disease or “GERD," abnormal
tissues within the esophagus or stomach may be treated by
positioning apparatus as discussed above within the stomach
and/or within the esophagus and ablating the abnormal tissue.
Also, the techniques discussed above can be used to treat
tissues surrounding other tubular anatomical structures as, for
example, structures of the digestive system, respiratory system
or urinary system.

In a further preferred method, the apparatus can be
employed to treat benign prostatic hyperplasia (*BPH”). In this
condition, the prostate gland surrounding the urethra in a male
subject swells and tends to constrict the urethra. The
apparatus may be inserted into the wurethra and ultrasonic
energy may be directed into a ring-like focal region outside of

the urethra, within the surrounding prostatic tissue so as to
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ablate the prostate and relieve the swelling. The radilal

distance from the central axis of the apparatus to the focal
region may be selected so as to place the focal region either
within the prostate itself or within the capsule surrounding
the prostate.

As shown in FIG. 3, the bearing balloon may be omitted.
The lens balloon instead bears directly on the vein wall V.
Because the lens balloon has a predetermined shape and size, it
precisely locates the central axis 724' of the emitting element
720' and distends the tissue in substantially the same way as
discussed above with respect to the bearing balloon of FIGS. 1
and 2. Here again, the lens balloon ig filled with a fluid
such as a fluorocarbon or other liquid having acoustic velocity
lower than that of aqueous fluids but having acoustic impedance
cloge to that of an aqueoug fluid. The tigssue of the vein wall
has acoustic properties sgimilar to those of water and other
aqueous fluids. Accordingly, refraction of the acoustic waves
occurs at the interface between lens balloon 717' and the wvein
wall tissue, so that the acoustic waves will be focused into a
focal region 737' in a manner similar to that discussed above
with reference to FIGS. 1 and 2. In a further wvariant (FIG.
4), the lens balloon 717'', emitting element 720'' and hence
the central axis 724'' may be held at a location substantially
concentric with the vein wall by centering structures such as
additional balloons 750 and 751, umbrella-like structures or

other expansible structures disposed adjacent the lens balloon,

go that the lens balloon does not bear on the wvein wall. In
this arrangement, the refraction occurs at the interface
between the fluid within the lens balloon 717'' and the
surrounding blood within the wvein. In this arrangement, the

vein wall may remain in its non-circular state during
application of ultrasonic energy and hence the depth of focal
region 737'' within the tissue may vary somewhat. In a further

variant, the space between the lens ballocon and the vein wall
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may be filled with another fluid as, for example, saline

solution.

Apparatus according to a further ewmbodiment of the
invention (FIG. 5) includes an emitting element 820, lens
balloon 817 and an outer balloon 811 generally sgimilar to the
corresponding elements discussed above with reference to
FIGS. 1 and 2. However, the preselected shape of lens balloon
in its inflated condition includes a surface of revolution 801
which is substantially concentric with the emitting element and
central axis 824, but which has a concave shape. That is, the
generatrix of surface of revolution 801 has its smallest radius
or distance from axis 824 at a location adjacent the medial
plane 821 of emitting element 820, and surface 801 curves
radially outwardly in axial directions away from this medial
plane. The outer balloon 811 in its inflated condition has a
gimilar concave surface of revolution 813. In use, the assembly
is positioned within a tubular anatomical structure such as a
vein. The outer ballocn 811 is filled with a £luid having
acoustic velocity less than the acoustic velocity of agqueous
fluids, whereas the lens balloon 1s filled with an aqueous
fluid or another fluid having acoustic velocity greater than
that of the f£luid in the outer balloon. In a manner similar to
that discussed above, the emitting element is actuated to emit
substantially c¢ylindrical ultrasonic waves which propagate
generally radially outwardly as indicated by arrows 833. Here
again, the acoustic waves are refracted axially inwardly
towards an annular focus 837 on the medial plane 821 at the
interface between the lens balloon and the bearing balloon due
to the difference in acoustic wvelocities between the fluids
contained in these balloons. However, because the fluid in
outer balloon 811 has an acoustic velocity lower than the
acoustic velocity of the surrounding blood or other fluid in
the anatomical structure, the acoustic waves are refracted

again at the interface between the outer balloon and the
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surrounding tissues. This refraction directs the waves

substantially radially, o that the waves propagate generally
parallel tc one another and generally radially as indicated by
arrows 839 in a generally disc-shaped pattern. Thus, the
acoustic waves effectively irradiate a deep, annular region.
The depth of penetration of the acoustic waves i1g limited only
by attenuation of the waves as they are absorbed by the tissue.
In this arrangement, the acoustic waves are not focused to a
point or line, but nonetheless are effectively concentrated
within a relatively narrow axial region. This arrangement can
provide effective heating even if the central axis of the
apparatus i1s not precisely coaxial with the vein.

In the embodiment of FIG. 5, regions of the outer balloon
remote from the medial plane 821 contact the wvein wall.
However, this is not essential. The entire aggembly may be
held adjacent the center of the vein by auxiliary positioning
structures as discussed above with reference to FIG. 4. 1In a
directly analogous arrangement, (FIG. 6) the lens balloon 817’
is convex, and filled with an agueous £luid. The outer balloon
811' is also convex but i1s filled with a f£luid having acoustic
velocity higher than that of water.

In the embodiments discussed above, the apparatus acts to
direct the applied energy into an annular region. However, in
further embodiments of the invention, the reflector structure
may direct the energy into a region of a different shape.

Thermal treatments other than ablation can be performed.
For example, hyperthermia can be applied to potentiate the
action of a drug or other agent in a particular region of the
body.

Also, the particular liguids and other materials mentioned
above can be replaced by other materials having similar
properties. In a further wvariant, the focal depth can be
varied by varying the inflation pressures within the wvarious

balloonsg. To provide greater variation in configuration with
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variations in pressure, more readily distensible materials

such as elastomeric materials may be wused to form the
refractive regions of the balloons. In yet another variant,
the focal length of an inflatable lens can be adjusted while
maintaining the shape of the lens constant by varying the
composition of the £fluid in the lens or the fluid in a
surrounding balloon.

In additional wvariants, the liquids, which are used to
inflate the balloons in the embodiments discussed above, can
also serve as temperature control media. The source of liquid
used to inflate a balloon may include a pump for circulating
the liquid into the interior space of the balloon through one
lumen and withdrawing the liquid through the other lumen while
maintaining the liguid in the balloon under the desired
pressure. The liquid source can be arranged to provide the
ligquid at a desired temperature. In this way, the thermal
boundary condition at the wall of the anatomical structure is
well controlled. The controlled temperature may be below
normal body temperature to keep the interface cool and minimize
or prevent ablation of epithelial cells 1lining the anatomical
structure. Conversely, a higher boundary temperature will
promote ablation at or near the surface of the wall. To
maximize this effect, the fluid in the bearing ballocon may be
maintained just below the temperature which will cause tissue

damage independently of the ultrasonic energy as, for example,

up to about 41°C. Similar arrangements can be employed in the
other embodiments. Liquid circulation also serves to cool the
ultrasonic element. For example, the 1liquid in the lens

balloon can be circulated and temperature-controlled.

A preferred ultrasonic transducer or emitter usable in the
present invention ig depicted in FIGS. 7-10. This transducer is
further described in the copending, commonly assigned United
States Patent Application of Todd Fjield et al. entitled

“Ultrasonic Transducers” filed of even date herewith, the
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disclosure of which is hereby incorporated by reference

herein. The emitter includes an active piezoelectric element
1702 in the form of a thin cylindrical tube having an exterior
or front surface 1704 and an interior or rear surface 1706. An
electrode 1708 forms the front gurface 1704 of the
piezoelectric element, and a gimilar electrode 1707 formz the
rear surface. The thickness cf the electrode is greatly
exaggerated in FIGS. 20 and 22 for clarity of illustration. In
practice, the electrode preferably is formed by a thin metallic
coating, such as a plated or sputtered coating of metal on the
order of a few thousand Angstroms thick overlying the actual
piezoelectric material. An internal structure 1710 includes an
inner support tube 1712 and an outer support tube 1714.
Support tubes 1712 and 1714 desirably are formed from a
metallic, electrically conductive material. As best seen in
FIG. 10, inner support tube 1712 has an outwardly projecting
shoulder 1720 at one end. 2 similar shoulder 1722 is provided
at the opposite end. Outer support tube 1714 has a cylindrical
internal bore. Shoulders or rings 1720 and 1722 fit closely
within the cylindrical bore of the outer support tube. Thus,
over the major portion of the length of the support structure,
between shoulders 1720 and 1722, there is a gap 1726 between
the inner surface of outer support tube 1714 and the outer
surface of inner support tube 1712. The tubes are sealed to
one another at shoulders 1720 and 1722. Gap 1726 is filled
with a gas, such as normal room air, at the time the tubes are
sealed to one another. This gas remains permanently within gap
1726,

Cuter support tube 1714 has a palr of outwardly projecting
shoulders 1730 and 1732 at the ends of the outer support tube.
Each shoulder has arcuate surfaces 1734 connected by flats
1736, so that each shoulder is generally in the form of a
sguare with rounded corners. The arcuate surfaces 1734 are

concentric with the main portion of the support tube 1714.
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Seen in end view, the flats 1736 are tangent to the

cylindrical surface of the main portion of the support tube.
As best seen in FIG. 7, the tubular piezoelectric electric
element 1702 is supported on the arcuate surfaces 1734 of
shoulders 1732 and 1730, so that the inner surface 1706 of the
priezoelectric element is concentric with the outer surface of
support tube 1714, but is spaced apart from the support tube so
as to define a space in the form of a tubular passageway 1740
between the outer support tube and the inner or rear surface
1706 of the piezoelectric element. Passageway 1740 is open to
the exterior of the transducer through small gaps 1742 defined
between the inner surface 1706 of the piezoelectric element and
the flats 1736 of the shoulders on the outer support tube.

In operation, the space or passageway 1740 is filled with
a liguid. The front surface of the emitter (the front surface
1704 of the active piezoelectric element) 1is acoustically
coupled to the medium which is to receive ultrasonic energy
from the emitter.

For example, the emitter of FIGS. 7-10 may be used as the
ultrasonic emitter apparatus of depicted in FIG. 1. In this
case, the liguid within lens balloon 717 will be present as the
acoustic medium at the front surface of the emitter, and will
fill passageway 1740. Desirably, the sgource of 1lens fluid
circulates this liquid so that the liguid moves through
passageway 1740.

The air or other gas in gap 1726 (FIGS. 8, 10) forms a
highly-reflective interface 1713 with the metallic materxrial of
the outer support tube 1714. In operation, the emitter is
excited by an electrical potential applied between electrodes
1707 and 1708. This potential is applied at a predetermined
ultrasonic drive frequency as, for example, about 1-15 MHz.
The potential may be applied through electrical conductors (not
shown) extending between the proximal end of the probe

structure and the emitter, using a conventional wultrasonic-
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frequency driver (not shown). For example, the conductors may

be provided as one or more miniature coaxial cables, each
including an inner conductor and an outer conductor or jacket.
The jackets of the coaxial cables may be soldered or otherwise
bonded to the outer support tube, and hence electrically
connected to the inner-gurface electrode of the pilezoelectric
element, whereas the inner conductors may be connected to the
outer-surface electrode 1708.

The reflective interface at surface 1713 (FIG. 10) and the
outer surface 1704 of the emitter, and the stack of materials
between these surfaces, constitute a resonant unit. As the
piezoelectric material is excited, it repeatedly grows and
shrinks in the forward-to-rearward directicn of the stack,
i.e., in the direction between surfaces 1704 and 1706. The
ultrasonic wvibrations propagate through the stack, and are
reflected forwardly at the Iinterfaces within the stack and by
the interface at surface 1713, at the inner or rear surface of
the stack. The dimensions of the various layers in the interior
of the stack, between surfaces 1713 and 1704 (including the
liguid layer within space 1740) are selected so that the unit
is resonant at the drive frequency, and so that the acoustic
vibrations are emitted from the resonant unit principally
through the front surface 1704 into the medium coupled to the
Eront surface. That is, more energy passes through the
interface 1704 at the outer or front surface of the stack than
through interface 1713. Although there is some reflectivity at
interfaces within the stack, as at the interfaces bounding the
liquid passageway 1740, the reflective interface 1713 is
effectively exposed to the ultrasonic vibrations in the stack
and, thus, plays a substantial role in directing emissicns to
the front of the stack. The liquid within passageway 1740
effectively cools the piezoelectric element and other elements
of the stack. Thus, the transducer element 1702 is cooled at

both its front surface and its rear surface. This is in marked
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contrast to a conventional air- backed transducer. Such a

transducer typically has a layer of air directly behind the
rear surface of the piezoelectric element and, accordingly, has
little or no heat transfer from the rear surface of the
piezoelectric element. Surprisingly, an emitter in accordance
with this design can convert electrical power to acoustic power
radiated into the surrounding medium through the front surface
with an efficiency equal to the efficiency of an air-backed
emitter. The emitter according to this design, however,
provides this efficiency in conjunction with better heat
transfer and, hence, can operate at substantially higher power
levels than the eqguivalent ailr-backed transducer of the same
size.

The materials and dimensions of the wvarious layers in the
regonant unit desirably are optimized to assure maximum
efficliency at the desired operating frequency. Conventional
modeling techniques may be employed for such optimization. One
guch technique is the well-known KLM Model described in
Krimholtz et al., "New Equivalent Circuits for Elementary
Piezoelectric Transducers," Electronics Letters, Vol. 6, No.
13, pp. 398-399, June 25, 1970, the disclosure of which is
hereby incorporated by reference herein. The various layers can
be modeled as one-dimensional elements, with the only dimension
corresponding to the dimension in the forward-to-rearward
direction of the stack, i.e., the radial dimension in the
embodiment of FIGS. 19-22. More precise optimization can be
provided by finite element analysis and/or physgical modeling
and testing. In the emitter of Figs. 25-28, the liguid in space
or passageway 1740 forms an integral part of the resonant unit.

The inner support tube provides a passage through the
emitter for catheters, guildewires or other elements of the
apparatus. The inner support tube, and any elements disposed

within it, are effectively iscolated <£from the wultrasonic
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vibrations in the resocnant unit by reflective interface 1713,

and therefore do not affect performance of the emitter.

The optimum dimensions will wvary with the desired
operating frequency and with the materials employed. However,
one exemplary embodiment uses a tubular piezoelectric element
made from a ceramic lead zirconate-titanate composition, known
in the art by the designation "PZT-8." The tubular transducer
has an internal diameter of 83 mils (0.083 inches; 2.1 mm) and
a wall thickness of 10.5 mils (0.27mm), so that the outer
diameter of the pilezoelectric element is 103 mils (2.6 mm).
The outer diameter of outer support tube 1714 is 72 mils
(1.8mm) ; and the annular passageway 1740 has a radial thickness
of 5.5 mils (0.l4mm). The outer support tube is formed from
half-hard brass and has a wall thickness of 5 mils (0.13mm).
The dimension between shoulders 1720 and 1722 is 325 miles (8.25
mm) , and the effective length of the transducer is 8mm. This
transducer provides peak efficiency at a driving frequency of 9
MHz. When operated at 9 MHz, the transducer provides over
fifty percent (50%) efficiency at electrical power levels
between 20 and 100 watts. When cooled by water flowing at a
rate of a few ml per minute, the transducer has been operated
for periods of several minutes or more at power levels up to
100 watts to provide approximately 51 watts of radiated
acoustic power.

The apparatus discussed above can be varied. For example,
the apparatus can be used to apply ultrasonic energy in
structures other than internal organs of 1living subjects.
Also, the transducer used as an emitter also serve as a
recelver in an wultrasonic imaging application. Thus, the
transducer can be actuated intermittently and then used to
detect echoes from structures surrounding the apparatus. The
apparatus may be arranged to provide a radially-directed
radiation pattern such as that discussed with reference to FIG

5. Such apparatus can be used, for example, in an intravascular
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ultrasound ©procedure or 1in other wmedical applications, or

in non-medical applications such as in inspection of pipes or
tubes. The apparatus can be moved along the Ilength of a
structure to scan the radiating ultrasound along the length of
the structure.

The ultrasonic emitter discussed above can be replaced by
an optical emitter as, for example, a fiber optic having a
distal end disposed within the lens balloon and a proximal end
connected to an external light source. The £fiber optic 1is
provided with a lens or conical mirror at 1ts distal end to
direct 1light radially outwardly. In this modification, the
fluide 1in the Dballoons are selected to provide different
optical indices of refraction, rather than to provide different
acoustic velocities.

The apparatus also may include structures for placing the
balloons and facilitating orderly collapse of the balloons as
described in the copending, commonly assigned United States
Patent Application of Todd Fjield et al. entitled Thermal
Treatment Methods And Apparatus With Focused Energy Application
filed of even date herewith, the disclosure of which is hereby
incorporated by reference herein. Other features digclosed in
such application also can be employed.

As these and other variations and combinations of the
featureg discussed above <can be employed, the foregoing
description of the preferred embodiments should be taken by way
of illustration rather than by way of limitation of the
invention.

INDUSTRIAL APPLICABILITY
The present invention can be applied in medical and

veterinary treatment, and in other industries.
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The claims defining the invention are as follows.

1. An apparatus for applying ultrasonic energy to tissue within the body of a living
subject including:

(a) an ultrasonic emitter having an emitting surface generally in the form of a
surface of revolution about a central axis;

(b)  an inflatable lens, said lens having a refractive surface generally in the
form of a surface of revolution about said central axis concentric with said
emitting surface and surrounding said emitting surface when said lens is in
an inflated condition, said lens surrounding said emitter so that at least
some ultrasonic energy emitted at said emitting surface will be directed

through said refractive surface of said lens into the tissue of the subject.

2. An apparatus as claimed in claim 1 wherein said emitting surface is cylindrical.

3. An apparatus as claimed in claim 1 or claim 2 further including an elongated
probe, said probe having a proximal end and a distal end adapted for insertion
into the body of a living subject, said emitter and said inflatable lens being

mounted to said probe adjacent the distal end thereto.

4. An apparatus as claimed in claim 3, wherein said inflatable lens is adapted to
focus ultrasonic energy emitted by said emitter into an annular focal region

surrounding said central axis.

5 An apparatus as claimed in claim 3, further including a bearing balloon
surrounding said emitter and said lens, said bearing balloon having a bearing

surface adapted to engage the wall of an organ of the subject.

6. An apparatus as claimed in claim 5, wherein said bearing balloon is operative to
engage the interior surface of the wall of a tubular organ, so that said annular

focal region lies along a ring-like path on said wall.

7. An apparatus as claimed in claim 6, wherein said bearing balloon is operative to

engage the interior surface of a pulmonary vein.
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An apparatus as claimed in claim 5, wherein said probe includes a first lumen
communicating with said bearing balloon and a second lumen communicating
with said inflatable lens so that said bearing balloon and said lens can be inflated
with fluids having substantially similar acoustic impedances but different acoustic
velocities, whereby the ultrasonic energy will be refracted at said refractive

surface.

An apparatus as claimed in claim 3, further including a reflector structure
including a first balloon defining an active region an a second balloon disposed
adjacent said first balloon and contiguous with said first balloon over at least a
part of said active region, so that said first and second balloons can be inflated
with fluids having different acoustic impedances so as to form a reflective

interface at said active region.

A method for applying ultrasonic energy to tissue surrounding a tubular internal

organ of a living subject including:

(a) inserting an ultrasonic emitter having an emitting surface generally in the
form of a surface of revolution about a central axis and an inflatable lens
surrounding said emitter into the interior of said organ; and

(b) inflating said lens so as to bring said lens to a configuration having a
refractive surface substantially in the form of a surface of revolution about
said central axis concentric with said emitting surface surrounding said
emitting surface; and

(c) actuating said emitter to emit ultrasonic energy so that said ultrasonic
energy passes through said lens and is concentrated by said lens into a

region having axial extent smaller than the axial extent of the emitter.

A method as claimed in claim 10, further including providing an additional
refractive interface surrounding said lens so that the concentrated ultrasonic
energy is refracted again at said additional refractive interface and propagates

substantially radially from said additional refractive interface.
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12. A method for applying ultrasonic energy including:

(a)  providing an ultrasonic emitter having an emitting surface generally in the
form of a surface of revolution about a central axis and an inflatable lens
surrounding said emitter; and

(b) inflating said lens so as to bring said lens to a configuration having a
refractive surface substantially in the form of a surface of revolution about
said central axis concentric with said emitting surface surrounding said
emitting surface; and

(c) actuating said emitter to emit ultrasonic energy so that said ultrasonic
energy passes through said lens and is concentrated by said lens into a

region having axial extent smaller than the axial extent of the emitter

13. A method as claimed in claim 12, further including providing an additional
refractive interface surrounding said lens so that the concentrated ultrasonic
energy is refracted again at said additional refractive interface and propagates

substantially radially from said additional refractive interface.

14.  An apparatus for applying ultrasonic energy to tissue within the body of a living
subject according to any one of the embodiments as substantially herein

described with reference to the drawings.

15, A method for applying ultrasonic energy according to any one of the
embodiments as substantially herein described with reference to the method

claimed in claims 10 to 13.

DATED: 9 January, 2003

PHILLIPS ORMONDE & FITZPATRICK
Attorneys for:

TRANSURGICAL, INC
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