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Description
BACKGROUND OF THE INVENTION

[0001] The present invention relates to ablation
apparatus , including those used in cardiac ablation.
[0002] Contraction or "beating" of the heart is control-
led by electrical impulses generated at nodes within the
heart and transmitted along conductive pathways ex-
tending within the wall of the heart. Certain diseases of
the heartknown as cardiac arrhythmias involve abnormal
generation or conduction of the electrical impulses. One
such arrhythmia is atrial fibrillation or "AF." Certain car-
diacarrhythmias can be treated by deliberately damaging
the tissue along a path crossing a route of abnormal con-
duction, either by surgically cutting the tissue or applying
energy or chemicals to the tissue, so as to form scar. The
scar blocks the abnormal conduction. For example, in
treatment of AF it has been proposed to ablate tissue in
a partial or complete loop around a pulmonary vein within
the vein itself near the ostium of the vein; within the os-
tium; or within the wall of the heart surrounding the os-
tium. It would be desirable to perform such ablation using
a catheter-based device which can be advanced into the
heart through the patient’s circulatory system.

[0003] As described in certain embodiments of U.S.
Patent 6,635,034, an expansible structure mounted at or
near the distal end of a catheter is used as a reflector for
directing and focusing ultrasonic waves from an ultrason-
ic transducer into a region of tissue to be ablated. Certain
embodiments according to the '034 patentinclude an ex-
pansible structure incorporating a structural balloon
which is inflated with a liquid and a reflector balloon in-
flated with a gas. The balloons share a common wall.
The balloons are configured so that the common wall is
generally in the form of a surface of revolution of a par-
abolic curve about a central axis. Because the liquid in
the structural balloon and the gas in the reflector balloon
have substantially different acoustic impedances, the in-
terface between the balloons at the common wall is a
nearly perfect reflector for ultrasonic waves. Ultrasonic
waves are emitted from a small cylindrical transducer
within the structural balloon, coaxial with the aforemen-
tioned reflector. These waves pass radially outwardly
from the emitter to the reflector. The reflector redirects
the ultrasonic waves and focuses them into a ring-like
ablation region encircling the central axis of the emitter
and balloons. This ablation region is just forward of the
structural balloon. Thus, the ultrasonic waves will ablate
tissue in a region encircling the central axis or forward-
to-rearward axis of the balloon structure. This ring-like
region is disposed at a known location relative to the bal-
loon structure.

[0004] This arrangement can be used, for example, to
treat atrial fibrillation by ablating a circular region of my-
ocardial tissue encircling the ostium of a pulmonary vein.
The ablated tissue forms a barrier to abnormal electrical
impulses which can be transmitted along the pulmonary
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veins and, thus, isolates the myocardial tissue of the atri-
um from the abnormal impulses. To provide effective
treatment in this mode of operation, the ring-like focal
region should encircle the ostium and should lie in the
myocardial tissue of the heart wall.

[0005] Itis desirable to maintain the expansible struc-
ture in a predetermined configuration and, in particular,
to keep the distal end of the structural balloon coaxial
with the proximal end of the structural balloon and with
the reflector and transducer. The expansible structure
may be provided with a distal engagement element me-
chanically connected to the distal end of the structural
balloon and with a proximal engagement element me-
chanically connected to the transducer and to the prox-
imal end of the structural balloon. These elements en-
gage one another to reinforce the expansible structure
when the structural balloonis inflated, but atleast partially
disengage from one another when the structural balloon
is deflated, so that the deflated, collapsed structure is
flexible and can be threaded through the vascular system
into the heart. Additionally, the expansible structure de-
sirably is provided with a bore connected to a lumen of
the catheter so thatthe expansible structure and the cath-
eter cooperative define a continuous passageway ex-
tending from adjacent the proximal end of the catheter
to the distal side of the expansible structure. This pas-
sageway can be used to introduce an X-ray or other con-
trast agent during the procedure, so the position of the
expansible structure relative to anatomical features of
the heart may be determined by imaging. Moreover, the
catheter desirably is steerable so that a portion of the
catheter adjacent the distal end can be selectively bent
by the physician, so as to reposition the expansible struc-
ture. These features are further described in certain em-
bodiments of co-pending, commonly assigned U.S. Pat-
ent Application Serial No. 10/783,310, (US
2004/0176757 A1) filed February 20, 2004 ("the '310 ap-
plication") PCT International Application  No.
PCT/US04/05197 (WO 2004/073505); and U.S. Pub-
lished Patent Application 20040054362A1, filed Septem-
ber 16, 2002; as well as in co-pending, commonly as-
signed U.S. Patent Application Serial No. 10/635,170
(US 7,189,229) filed August 6, 2003 and PCT Interna-
tional  Application No. PCT/US03/28578 (WO
2004/023878), filed September 12, 2003.

[0006] Despite all of these advances in the art, still fur-
ther improvement would be desirable. In particular, it
would be desirable to provide apparatus and methods
for ablation which allow the physician to acquire informa-
tion about anatomical structures of the heart and sur-
rounding tissues. Such information can be used in posi-
tioning the ablation device. For example, where struc-
tures other than myocardial tissue must remain intact af-
ter the ablation procedure, such information allows the
physician to position the ablation device so as to avoid
ablating these structures. Conversely, where structures
such as certain nerve bundles are to be ablated, such
information allows the physician to more accurately po-
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sition the ablation device for greater certainty of ablating
these structures.

SUMMARY OF THE INVENTION

[0007] The invention is set out in the claims.

[0008] Certain aspects of the present invention ad-
dress these needs. One aspect of the invention provides
ablation apparatus. The apparatus according to this as-
pect of the invention preferably incorporates a structure
which includes a catheter having a proximal end and a
distal end. The structure also includes an expansible ab-
lation device mounted to the catheter adjacent the distal
end. The ablation device has an expanded condition and
a collapsed condition. Most preferably, a continuous pas-
sageway extends from adjacent the proximal end of the
catheter to the ablation device.

[0009] The apparatus according to this aspect of the
invention most preferably includes an ultrasonic imaging
probe. The imaging probe includes at least one imaging
transducer, and is adapted to image structures in the
vicinity of the imaging transducer. Most preferably, the
probe has an operative condition in which the probe is
positioned in the passageway and the imaging transduc-
er is disposed adjacent the ablation device. However,
the probe most preferably is removable from the pas-
sageway so that the passageway can be used for other
purposes. Typically, the structure defines a port distal to
the ablation device and the passageway extends to the
port. The imaging probe may be movable to an extended
position in which the imaging probe projects through the
port so that the transducer is disposed distal to the ab-
lation device. The ablation device, in its expanded con-
dition, desirably has an axis extending generally proxi-
mally and distally. The ablation device may be operative
to apply ablation energy in a loop-like ablation region
encircling the axis. The port may be disposed adjacent
the axis of the ablation device, so that the imaging probe
may be extended through the passageway and out of the
port and rotated to acquire an image of a loop-like region
surrounding the axis. In some cases, an image acquired
in this manner will show a region of tissue distal to the
ablation region. Desirably, the imaging probe is movable
to an interior operating position in which the imaging
transducer is disposed inside of said expansible ablation
device. When the imaging probe is in this interior oper-
ating position, it can be operated to image tissue sur-
rounding the ablation device, and most preferably tissue
in the ablation region.

[0010] Apparatus which does not form part of the in-
vention includes a catheter having a proximal end and a
distal end, and also includes an expansible ablation de-
vice mounted to the catheter adjacentits distal end. Here
again, the ablation device has an expanded condition
and a collapsed condition. In the expanded condition, the
ablation device has an axis extending generally proxi-
mally and distally. The ablation device in this aspect of
the invention includes an ultrasonic ablation transducer
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disposed adjacent the axis and a reflector extending
around said axis. The reflector is operative to direct ul-
trasonic waves emitted by the ablation transducer gen-
erally distally into a loop-like ablation region encircling
the axis. The apparatus according to this aspect of the
invention also includes an ultrasonic imaging transducer
separate from the ultrasonic ablation transducer. The im-
aging transducer being is also disposed adjacent the axis
when the ablation device is in its expanded condition.
The imaging transducer is operative to receive return
waves reflected by said reflector. For example, the im-
aging transducer will receive return waves from the ab-
lation region, and can be used to image the ablation re-
gion.

[0011] Apparatus according to the invention includes
an expansible ablation device incorporating a balloon
structure. An ablation transducer is mounted within the
balloon structure. The balloon structure defines a reflec-
tor extending around an axis when said balloon structure
is in an inflated condition. The reflector is operative to
direct ultrasonic waves emitted by said transducer gen-
erally distally into a loop-like ablation region encircling
the axis. An ultrasonic imaging transducer is mounted to
said balloon structure distal to said ablation transducer
as, for example, on afitting at the distal end of the balloon
structure. Here again, the imaging transducer can be
used to image the ablation region.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012]

FIG. 1 is a diagrammatic, partially perspective view
of apparatus according to one embodiment of the
present invention.

FIG. 2is afragmentary, diagrammatic sectional view
depicting a portion of the apparatus of FIG. 1.

FIG. 3 is a view similar to FIG. 1 depicting the same
portion of the apparatus in a different operating con-
dition.

FIG. 4 is afragmentary, diagrammatic sectional view
depicting portions of the apparatus of FIGS. 1-3 in
conjunction with anatomical structures during oper-
ation.

FIG. 5 is a view similar to FIG. 1 but depicting appa-
ratus in accordance with a further embodiment of the
invention.

FIG. 6 is a diagrammatic view depicting certain por-
tions of the apparatus of FIG. 5.

FIG. 7 is a view similar to FIG. 1 depicting apparatus
according to yet another embodiment of the inven-
tion.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0013] Apparatus in accordance with one embodiment

of the invention includes a catheter 10 (FIG. 1) having a
distal end 12 and a proximal end 14. The catheter incor-
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porates several peripherallumens 16 and a centrallumen
18, these lumens extending between the proximal and
distal ends of the catheter. An expansible ablation device
20 is mounted to the distal end 12 of the catheter. The
expansible inflation device incorporates a structural bal-
loon 22 and a reflector balloon 24 having a common wall
26 between them. In the inflated, expanded condition il-
lustrated in FIG. 1, balloons 24 and 22 are substantially
symmetrical about a central axis 27. The common wall
26 between these balloons forms a reflector in the form
of a surface of revolution about the central axis 27. The
interior of structural balloon 22 is connected through two
lumens 16 to a liquid supply unit 30 and drain 32, so that
the structural balloon may be filled with a liquid. The in-
terior of reflector balloon 24 is connected to a gas supply
apparatus 34 through another lumen of the catheter, so
thatthis balloon may be inflated with a gas such as carbon
dioxide. A transducer structure 38 is mounted inside
structural balloon 22. This transducer structure incorpo-
rates a proximal end fitting 40 physically connected to
the distal end 12 of the catheter, a therapeutic ultrasound
transducer 42 mounted to the proximal end fitting and a
distal end fitting 44 mounted to the transducer. Trans-
ducer 42 is generally hollow and tubular, and defines an
interior space 48 (FIG. 2). A central tube 50 extends
through space 48. This tube 50 communicates with the
central lumen 18 (FIG. 1) of the catheter. The features
of the transducer structure are substantially symmetrical
about the central axis 27 of the balloon structure. For
example, cylindrical transducer 42 is coaxial with the cen-
tral axis 27.

[0014] The expansible ablation device also includes a
reinforcing and collapsing structure 52. This structure in-
corporates a distal end piece 54. The distal end of struc-
tural balloon 22 is fastened to distal end piece 54. A coil
spring 56 is mounted between distal end piece 54 and
the distal fitting 44 of transducer unit 38. A distal engage-
ment element in the form of a reinforcing tube 60 is con-
nected to distal end piece 54, whereas a proximal en-
gagement element or reinforcing tube 62 is mounted to
the distal fitting 44 of the transducer assembly. The prox-
imal reinforcing tube 62 is telescopically received in the
distal reinforcing tube 60. A distensible tube 64 also ex-
tends between the distal end piece 54 and the transducer
assembly.

[0015] A pull wire 70 is connected to the transducer
assembly through one of the lumens of the catheter. The
connection between the pull wire and the proximal fitting
40 of the transducer assembly is displaced from the cen-
tral axis 27 of the ablation device. The features of the
transducer structure are substantially symmetrical about
the central axis 27 of the balloon structure. For example,
cylindrical transducer 42 is coaxial with the central axis
27.

[0016] In the deflated, collapsed condition shown in
FIG. 2, coil spring 56 is extended and tubes 60 and 62
are in a disengaged condition, wherein only a minor por-
tion oftube 62 is disposed inside tube 60. In this condition,
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balloons 22 and 24 (FIG. 1) are collapsed and twisted
about central axis 27. In this condition, the ablation device
20 is relatively flexible in directions transverse to the cen-
tral axis 27, so that the catheter, with the ablation device
thereon, may be advanced into the vascular system so
as to position the ablation device inside a chamber of the
heart. When the ablation device is inside the chamber of
the heart, the ablation device is brought to the expanded,
inflated condition of FIGS. 1 and 3 by inflating the bal-
loons 24 and 22. During inflation, balloon 22 untwists,
expands radially and shortens axially, so that distal end
piece 54 is moved proximally towards transducer assem-
bly 38. Spring 56 is compressed between the distal end
piece and the distal fitting 44 of the transducer assembly.
Spring 56 is also twisted about axis 27. Also, during in-
flation and expansion, distal reinforcing tube 60 moves
proximally to the condition illustrated in FIG. 3, in which
it encompasses most or all of proximal reinforcing tube
62. In this condition, the reinforcing tubes are substan-
tially more rigid. Therefore, the reinforcing tubes coop-
eratively reinforce the balloon structure and limit dis-
placement of the distal end of balloon 22 relative to the
proximal end of the balloon and relative to transducer
assembly 38. During deflation, these actions are re-
versed; spring 56 forces the distal end piece 54 distally,
away from the proximal end and away from the transduc-
er assembly, thereby helping to collapse the balloon. At
the same time, the spring twists the distal end piece 54
about axis 27, thereby twisting the balloon about the axis,
which further aids in collapse of the balloon.

[0017] Reinforcing tubes 60 and 62 of the reinforcing
structure communicate with the central tube 48 of the
transducer assembly, and thus define a bore 65 extend-
ing through the ablation device 20. Bore 65 communi-
cates with the central lumen 18 (FIG. 1) of the catheter.
These structures cooperatively define a continuous pas-
sageway extending from the proximal end 14 of the cath-
eter, through the catheter and through the ablation device
20, to a port 72 on distal fitting 54. This passageway is
open at all times, whether the ablation device is in the
collapsed condition or in the expanded condition. As best
seen in FIG. 1, port 72 lies on the distal side of ablation
device 20. As discussed in the aforementioned applica-
tions and publications, elements such as a guide wire for
use in threading may be advanced through this passage-
way. Also, a contrast medium may be introduced through
this passageway by temporarily connecting a contrast
medium supply 74 to the central lumen.

[0018] While the ablation device is in the inflated ex-
panded condition, therapeutic transducer 42 of the trans-
ducer assembly 38 may be actuated to emit ultrasonic
waves by actuator 39. The ultrasonic waves emitted by
transducer 38 will be reflected forwardly or distally by
reflector surface 26 of the balloon structure, and will be
focused into a relatively narrow, ring-like or loop-like ab-
lation region A (FIG. 1). This ablation region encircles
axis 27 and lies in a known, predetermined spatial rela-
tionship to the ablation device, just forward of the struc-
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tural balloon 22. The entire ablation device 20, and hence
axis 27, can be turned by pulling on pull wire 70 to bend
the distal region of the catheter.

[0019] The foregoing features may be similar to those
disclosed in the '310 application. However, in the appa-
ratus of FIGS. 1-4, the reinforcing structure desirably is
formed from materials which are substantially transpar-
ent to ultrasonic energy. For example, tubes 60 and 62,
and distensible tubes 64 and spring 56, desirably are
formed from materials having an acoustic impedance
close to that of aqueous liquids such as certain polymers
such as epoxies, polyether block amides sold under the
registered trademark PEBAX, polycarbonate, PET and
fluouropolymers. Distal fitting 54 also may be formed
from such materials.

[0020] The apparatus additionally includes an imaging
probe 80, shown in FIGS. 1 and 4. The imaging probe
includes a casing having a distal end 82 and a proximal
end 84. An imaging transducer 86 is mounted within the
casing at or adjacent the proximal end. Imaging trans-
ducer 86 is rotatable about the central axis 88 of the
probe. A driveshaft 90 extends between the proximal and
distal ends of the imaging probe. Transducer 86 is ar-
ranged to emit and receive signals along an axis 92 trans-
verse to the axis 88 of the probe. By rotating driveshaft
90, the transducer 86 and, hence, axis 92 may be turned
around the axis 88 of the probe. A manual or motor-ac-
tuated drive 94 is linked to the proximal end of the drive-
shaft for rotating or pivoting the driveshaft and imaging
transducer. The imaging transducer is electrically con-
nected through leads (not shown) to an imaging unit 96.
The imaging unit 96 includes a drive circuit (not shown)
for actuating transducer 86 to emit ultrasonic waves and
a receiver unit adapted to detect electrical signals pro-
duced by transducer 86 in response to ultrasonic waves
impinging on the transducer. The imaging unit is ar-
ranged to actuate transducer 86 with pulses of drive sig-
nals and to receive the electrical signals generated by
the transducer at a selected time after emission of a
pulse. The imaging unitincludes a control circuit operable
to select the interval between emission and reception,
referred to herein as the "delay time." Thus, the trans-
ducer 86 will emit signals E and receive signals R, re-
flected from anatomical features at a selected distance
D, such distance depending upon the delay time. As best
appreciated with reference to FIG. 4, an annular or arcu-
ate imaging region | can be imaged by maintaining a sub-
stantially constant distance D or, i.e., a constant delay
time, and rotating or pivoting transducer 86 about the
axis 88 of the imaging probe. The imaging unit 96 is linked
to display unit 98, so that the resulting image can be
displayed and viewed.

[0021] The features of imaging probe 80 and associ-
ated equipment may be substantially similar to those
used in conventional intravascular ultrasound imaging
equipment. For example, imaging probe 80 may be an
intravascular ultrasound imaging probe of the type sold
under the designation Atlantis Coronary Imaging Cathe-
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ter by the Boston Scientific Company. The imaging unit
96 may be of the type sold under the designation Galaxy
Imaging System by the Boston Scientific Company.
[0022] In use, imaging probe 80 may be inserted
through the continuous passageway defined by lumen
18 and the bore 65 of the ablation device 20, so that the
axis 88 of the imaging probe is coaxial with the axis 27
of the ablation device. This may be performed while the
ablation device is in an expanded condition, as seen in
FIG. 4. By moving the imaging probe axially with respect
to the ablation device, annular or arcuate regions | at
selected axial positions relative to the ablation device
may be imaged. In the advanced, projecting condition
illustrated in solid lines in FIG. 4, the imaging transducer
86 of the imaging probe is disposed just forward of distal
fitting 54 and just forward of the structural balloon 22, so
that when the transducer is rotated and actuated, it will
image a region | coaxial with the central axis 27 of the
ablation transducer, but forward or distal to the ablation
region A. The imaging probe can be moved within the
bore 65 of the ablation device so as to move the imaging
region |. In the interior operating position illustrated in
broken lines in FIG. 4, the imaging probe is partially re-
tracted so that the transducer lies at position 86’, and the
transducerwillimage aregion I’ at the same axial location
as the ablation region A. As set forth above, the radius
of the imaged region | or I' can be varied by adjusting the
imaging unit to vary the delay time between pulse emis-
sionandreception. Inthe condition shownin broken lines,
the imaged region I’ has the same diameter as the abla-
tion region A, and hence the image seen on display unit
98 (FIG. 1) represents tissues within the ablation region.
When the imaging catheter is in this interior operating
position, ultrasonic waves emitted by the imaging trans-
ducer pass outwardly through the reinforcing structure
52 and through the liquid contained in structural balloon
20, and also pass through the wall of the structural bal-
loon itself. The imaging probe 80 can be moved over a
range of axial positions, including positions between the
positions depicted and positions distal to and proximal
to the positions depicted, so as to acquire images at a
corresponding range of axial positions. Thus, the image
may include data representing tissue structures at vari-
ous axial and radial locations.

[0023] Inorderforthe physiciantointerprettheimages,
it is desirable for the physician to know the location of
the imaged region | relative to the ablation region A. The
proximal end 84 (FIG. 1) of the imaging catheter may
have marks or graduations 100 (FIG. 4) thereon, so that
the physician can gauge the axial position of the imaging
catheter by monitoring which graduation aligns with the
proximal end 14 of catheter 10. Alternatively or addition-
ally, mechanical interconnections may be provided be-
tween imaging probe 80 and the catheter 10 carrying the
ablation device 20 for positioning the imaging probe at
one or more preselected axial positions. For example,
the proximal end 84 of the probe may be provided with
a fixed or adjustable shoulder (not shown) which can be
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engaged with a fixed or adjustable stop (not shown) on
the proximalend 14 ofthe catheter. In another alternative,
electrical sensing devices (not shown) may be provided
for determining the axial position of the imaging probe
relative to the catheter. Certain known imaging systems,
such as the system now or previously sold by the En-
dosonics Corporation of Rancho Cordova, California un-
der the designation Trak Back, automatically move an
intravascular imaging probe axially during image data
acquisition so as to form a three-dimensional image of a
blood vessel and surrounding structures. Systems of this
nature can be employed in the present invention.
[0024] In a method, the physician may position the
ablation device 20 adjacent the ostium of a pulmonary
vein PV so as to align the ablation region A with a portion
ofthe heartwall H surrounding the ostium. This alignment
may be checked, for example, by introduction of contrast
medium through the passageway. Once the device is
positioned, the physician may insert the imaging probe
80 through the continuous passageway defined by the
central bore 18 of the catheter and the bore 65 of the
ablation device and position the imaging probe using
graduations 100. The physician may acquire images at
various locations. In the particular patient depicted sche-
matically in FIG. 4, a feature X which should not be ab-
lated (as, for example, a coronary artery, nerve or the
like) extends in the vicinity of the ablation region. If the
image of region I', coincident with the ablation region,
shows feature X, this indicates that feature X will be ab-
lated if the ablation transducer 38 is actuated in this po-
sition. The physician may choose to move the ablation
device to another location as, for example, by tilting the
axis 27 of the ablation device, or by retracting or advanc-
ing the ablation device axially. The physician may recon-
firm that he has successfully avoided feature X by taking
a further image. After ablation, the physician may repeat
the imaging step or steps to confirm the extent of the
ablation.

[0025] Apparatus according to a further embodiment
of the invention (FIGS. 5 and 6) includes a catheter 110
and expansible ablation device 120 similar to those dis-
cussed above with reference to FIGS. 1-4. However, in
this embodiment, the expansible ablation device incor-
porates an imaging transducer array 102 as a part of the
transducer assembly 138. The imaging transducer array
102 incorporates a set of individual transducer elements
104 mounted in a circular pattern around the central axis
127 of the ablation device, just proximal to cylindrical
therapeutic ultrasound transducer 142. The transducer
elements 104 of array 102 face outwardly, away from
axis 127, and hence face toward the reflector 126 defined
by the common wall between the balloons of the ablation
device. Here again, the therapeutic ultrasound transduc-
er 138 is connected to an ultrasonic actuator 139 by con-
ductors (not shown) extending within catheter 110. The
individual elements 104 of imaging array 102 are con-
nected by similar conductors to an imaging receiver 106
arranged to acquire an individual signal from each ele-
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ment. Ultrasonic actuator 139 in this embodiment is ar-
ranged so that it can be selectively operated to actuate
therapeutic transducer 142 in a pulse mode. The actuator
is linked to the imaging receiver so that the imaging re-
ceiver can be operated to receive signals from each el-
ementonly within selected receive intervals commencing
at a predetermined delay time after termination of a pulse
from actuator 139. The imaging receiver is arranged to
reconstruct an image of a ring-like region based on indi-
vidual signals received from the individual elements 104
of array 102. In a simple reconstruction process, there
may be a direct one-to-one association between a single
element 104 and a single sector of the ring-like image,
so that the brightness or other value of the sector in the
image is directly proportional to the amplitude of signals
generated by the associated element 104 of the array
during a receive interval. Other, more complex recon-
struction algorithms may be employed. For example, the
value of a particular sector may be proportional to a
weighted sum of the amplitudes of signals received by a
plurality of elements 104. Alternatively, the value of a
particular sector may be proportional to a weighted sum
of the signals received by a plurality of elements with
some of these signals delayed relative to others. For ex-
ample, the value of a sector aligned with element 104a
(FIG. 5) may be proportional to the amplitude of a com-
bined signal obtained by adding a delayed replica of the
signal received by element 104a to the signals received
by neighboring elements 104b and 104c. The delay com-
pensates for the shorter signal path length from the sector
being imaged to element 104a. A display 198 is associ-
ated with receiver 106 for displaying a visible represen-
tation of the reconstructed image.

[0026] Inoperation, the ablation device is placed in the
heart as discussed above. In an imaging operation, ac-
tuator 139 sends a brief pulse of energy to therapeutic
142, which emits arelatively low power pulse of ultrasonic
energy, referred to herein as the "imaging pulse." The
waves in this imaging pulse pass radially outwardly to
reflector 126 of the balloon structure. These waves are
directed and focused forwardly, toward the ablation re-
gion A (FIG.5). After a predetermined delay time, imaging
receiver 106 detects signals representing reflections re-
turned to the elements 104 of imaging array 102. These
reflected waves will be the waves reflected at reflective
interface 126 (FIG. 6). Stated another way, reflector 126
acts as a reciprocal focusing element, so that waves re-
flected from the region forward of reflector 126 and will
be focused onto the imaging array 102. The delay time
between emission of the imaging pulse by therapeutic
transducer 142 and reception by array 102 can be varied.
Such variation will move the imaged region axially.
Where the delay time is a time T, shorter than the round-
trip time for propagation of waves to and from the ablation
region A via reflector 126, the imaged region will be a
region |, disposed proximal to the ablation region. This
imaged region may lie entirely inside of the structural
balloon 122. As the interior of the structural balloon is
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filled with an aqueous liquid, there will be very little re-
flection from the imaged region I4, and hence, the signal
from all of transducers 104 will be a low-level signal. The
aqueous liquid in structural balloon 122 has uniform prop-
erties. Assuming that the therapeutic transducer 142
emits uniformly in all radial directions, and the ultrasonic
waves impinging on all of the transducer elements 104
at this stage will be uniform. Differences among the sig-
nals from the various imaging transducer elements at this
stage of operation indicate non-uniform sensitivities of
the various imaging transducer elements 104, non-uni-
form emission from the therapeutic transducer 142 in dif-
ferent radial directions, or some combination of both of
these phenomena. Calibration factors can be calculated
based on the differences in imaging transducer signals
observed at this stage of operation and applied to signals
observed at subsequent stages to compensate for these
phenomena. To provide larger signals at this stage of
operation, the delay time can be selected so that imaged
region |, lies at the distal wall of the structural balloon.
The slight mismatch in acoustic impedance between the
aqueous liquid in the balloon and the wall will increase
the amplitude of the reflected ultrasonic waves and hence
will provide larger signals for use in the calibration proc-
ess.

[0027] Also, the signals detected by the imaging trans-
ducer provide a measure of the power emitted by the
therapeutic transducer. The power output from the ther-
apeutic transducer can be optimized by varying the fre-
quency of the excitation signals applied to the therapeutic
transducer and manually or automatically monitoring the
emitted power using the signals from the therapeutic
transducer so as to select a drive frequency which gives
maximum power output from the therapeutic transducer.
[0028] As the delay time is progressively increased,
the imaged region moves distally, so that at a delay time
T,, slightly greater than T4, the imaged region I, lies just
forward of the structural balloon 122 but slightly proximal
to ablationregion A. A strong, uniform reflection observed
on all transducer elements 104, and hence, all segments
of the image formed at delay time T, indicates that im-
aged region |, lies directly on the surface of the heart
wall at all positions around the circumference of the im-
aged region. This indicates that the device is aligned as
desired to form a continuous loop-like lesion, with the
axis 127 of the ablation device generally perpendicular
to the heart wall, and with the ablation region A lying
slightly beyond the inner surface of the heart wall, and
hence, inside the myocardial tissue. Conversely, a weak
or non-existent signal indicates that the device is not po-
sitioned in this manner. A non-uniform signal typically
indicates that blood is present at some portion of the im-
aged region |,, either because there is a large gap be-
tween the surface of the structural balloon and the sur-
face of the heart wall, or because there is a blood vessel
extending within the heart wall at or near the depth of the
imaged region |,. With furtherincreases in the delay time,
the imaged region moves to position I3, coincident with
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the ablation region. With still furtherincreases inthe delay
time, the imaged region can move to position |, distal to
the ablation region. A non-uniform signal observed at po-
sition I3 or I, may indicate, for example, that a portion of
the imaged region |5 or I lies outside of a region occupied
by uniform myocardial tissue. This can indicate the pres-
ence of a blood vessel at the imaged region, or may in-
dicate that the , imaged region extends outside of the
heart wall. This can indicate that the ablation region lies
too close to the outer surface of the heart wall. When the
ablation device is properly positioned relative to the heart,
therapeutic transducer 142 is operated in a high-power
continuous wave mode to deliver a dose of ultrasonic
energy to the ablation region A sufficient to ablate the
tissue in this region. Because the axial location of the
imaged region is a known function of the delay time and
because the axial location of the ablation region is fixed
relative to the ablation device, the spatial relationship be-
tween the imaged region and the ablation region is al-
ways known or determinable from the duration of the de-
lay time used in creating a particular image.

[0029] It is not essential that the array provide what
would normally be regarded as a sharp, well-defined im-
age. The system typically will provide good spatial reso-
lution in the axial direction, and will also have some res-
olution in the circumferential direction around axis 127.
Radial resolution ,in the direction perpendicular to axis
127, can be provided by using multiple an imaging trans-
ducer having multiple rows of transducer elements at dif-
ferent axial positions relative to the reflector 126 and ther-
apeutic transducer 142, or by shifting the imaging trans-
ducer axially relative to the therapeutic transducer and
reflector and acquiring data at plural axial positions of
the imaging transducer. However, so long as the overall
signal strength in the reflected image can be detected,
the image still can provide valuable information. In a var-
iant, the imaging transducer array 104 may be replaced
by a single cylindrical transducer which would provide an
image consisting of only a single value for the entire ring-
like region imaged. In another variant, the imaging trans-
ducer may include only one element, or a few elements,
and may be arranged to rotate around axis 127 in a con-
trolled manner while repeated pulses are applied by ther-
apeutic transducer 142. In this arrangement, the infor-
mation acquired by the imaging transducer at different
rotational positions corresponds to the information ac-
quired by different transducer elements 104 at different
circumferential locations in the embodiment of FIG. 5.
[0030] In a further variant, therapeutic transducer 142
may include an array of elements disposed around the
circumference of the transducer, and hence, around axis
127. Image data acquired using the imaging transducer
array or the other imaging modalities discussed herein
may be used to select different actuation intensities or
actuation durations for the different elements of the ther-
apeutic transducer. Alternatively or additionally, the dif-
ferent elements of the therapeutic transducer may be ac-
tuated at different times during an imaging operation so



13 EP 1 802 244 B1 14

as to image only a portion of the ring-like imaging region.
[0031] Inyetanother variant, the therapeutic transduc-
er can be used as an imaging transducer as well. In a
further variant, the imaging transducer may be actuated
to emit ultrasonic waves as well as to receive them. Also,
the imaging transducer can include more than one row
of elements disposed circumferentially around the axis.
These rows need not be contiguous with one another.
For example, an imaging transducer can include one row
disposed proximal to the therapeutic transducer, and an-
other row disposed distal to the therapeutic transducer.
In this case, delay time or phase relationships between
signals from elements of the two rows may be used to
enhance the resolution achievable by the transducer.
Stated another way, adding elements to extend the trans-
ducer axially can increase the numerical aperture of the
transducer.

[0032] Apparatus according to yet another embodi-
ment of the present invention (FIG. 7) incorporates an
imaging transducer 202 in the form of an array ofimaging
transducer elements 204 extending circumferentially
around axis 227. This array 202 is disposed on the distal
fitting 254 of the expansible ablation device. This array
of transducer elements is connected to an imaging actu-
ator and receiver 206 by a miniature cable 208. A portion
of cable 208 extends inside of the structural balloon. Al-
though cable 208 is schematically illustrated as a straight
cable in FIG. 7, it may be in a helical form similar to the
structure of spring 256, and indeed may form a portion
of spring 256 so as to permit axial expansion and con-
traction during deflation and inflation, respectively. Alter-
natively, cable 208 may extend within the bore 265 of the
ablation device. Cable 208 continues to the proximal end
of the catheter, through one of the lumens of the catheter.
Each transducer element 204 of array 202 can be actu-
ated in a manner similar to the manner of actuation of
transducer element 86 of the imaging catheter (FIGS.
1-4), so that the radial position of the imaged region can
be varied by varying the delay time between emission
and reception of imaging pulses.

[0033] Numerous other variations and combinations of
the features discussed above can be utilized. For exam-
ple, the imaging array 202 may be mounted on other
structures within the structural balloon as, for example,
on elements on a reinforcing structure, such as on the
periphery of engagement element or tube 60 (FIG. 2).
Further, the imaging techniques discussed herein can be
used in combination with other techniques such as the
use of contrast medium. Also, the apparatus according
to the present invention can be applied to treatment of
internal organs other than the heart.

INDUSTRIAL APPLICABILITY

[0034] The presentinvention canbe applied in medical
and veterinary treatment.
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Claims

1.

Apparatus comprising:

a structure including a catheter (10) having a
proximal end (14) and a distal end (12) and an
expansible ablation device (20) mounted to said
catheter (10) adjacent said distal end (12) there-
of, said ablation device (20) having an expanded
condition and a collapsed condition, a continu-
ous passageway extending from adjacent said
proximal end (14) of said catheter to said abla-
tion device,

said expansible ablation device (20) incorporat-
ing a balloon structure (22), an ablation trans-
ducer is mounted within said balloon structure,
the balloon structure defines a reflector extend-
ing around an axis when said balloon structure
is in an inflated condition, said reflector is oper-
ative to direct ultrasonic waves emitted by said
transducer generally distally into a loop-like ab-
lation region encircling the axis;
characterised by :

an ultrasonic imaging probe (80) including at
least one imaging transducer (86), said probe
(80) being adapted to image structures in the
vicinity of said imaging transducer (86), said
probe (80) having an operative condition in
which said probe (80) is positioned in said pas-
sageway and said imaging transducer (86) is
disposed adjacent said ablation device (20),
said probe being removable from said passage-
way;

wherein said structure defines a port distal to
said ablation device and said passageway ex-
tends to said port;

wherein said imaging probe is positionable in an
extended position in which said imaging probe
projects through said port so that said transduc-
er is disposed distal to said ablation device.

The apparatus as claimed in claim 1 wherein said
ablation device in said expanded condition has an
axis extending proximally and distally, said ablation
device in said expanded condition being operative
to apply ablation energy in a loop-like ablation region
encircling said axis, said port being disposed adja-
cent said axis.

The apparatus as claimed in claim 2 wherein said
imaging transducer is rotatable about said axis.

The apparatus as claimed in claim 3, in which said
imaging probe is movable to an interior operating
positionin which said imaging transducer is disposed
inside of said expansible ablation device, said imag-
ing probe being operative to image tissue surround-
ing said ablation device when said imaging probe is
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in said interior operating position.

5. The apparatus as claimed in claim 4 wherein, when
said imaging probe is in said interior operating posi-
tion, said imaging probe will image tissue in said ab-
lation region.

6. The apparatus as claimed in claim 5 wherein said
ablation device includes a balloon structure sur-
rounding said axis.

7. The apparatus as claimed in claim 6 wherein said
balloon structure includes an interior structure ex-
tending through said balloon and defining a portion
of said passageway, at least a portion of said interior
structure being substantially transparent to ultrason-
ic waves.

8. The apparatus as claimed in claim 7 wherein said
interior structure includes one or more engagement
elements for reinforcing said balloon structure, at
least one of said engagement elements being sub-
stantially transparent to ultrasonic energy.

9. The apparatus as claimed in claim 8 wherein said
interior structure includes a spring adapted to elon-
gate said balloon structure during deflation of said
balloon structure, and wherein said spring is sub-
stantially transparent to ultrasonic energy.

Patentanspriiche
1. Gerat, das Folgendes umfasst:

eine Struktur mit einem Katheter (10) mit einem
proximalen Ende (14) und einem distalen Ende
(12) und einer expandierbaren Ablationsvorrich-
tung (20), die an dem genannten Katheter (10)
angrenzend an dessen distales Ende (12) an-
gebracht ist, wobei die genannte Ablationsvor-
richtung (20) einen expandierten Zustand und
einen zusammengefalteten Zustand hat, wobei
ein durchgangiger Durchgang von dem angren-
zenden genannten proximalen Ende (14) des
genannten Katheters zu der genannten Ablati-
onsvorrichtung verlauft,

wobei die genannte expandierbare Ablations-
vorrichtung (20) eine Ballonstruktur (22) um-
fasst, wobei ein Ablationswandler innerhalb der
genannten Ballonstruktur angebracht ist, wobei
die Ballonstruktur einen Reflektor definiert, der
sich um eine Achse herum erstreckt, wenn sich
die genannte Ballonstruktur in einem inflatierten
Zustand befindet, wobei der genannte Reflektor
dazu dient, durch den genannten Wandler emit-
tierte Ultraschallwellen im Allgemeinen distal in
eine schleifenartige Ablationsregion zu lenken,
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die die Achse umgibt;

dadurch gekennzeichnet, dass eine Ultraschall-
bildgebungssonde (80) mindestens einen Bildge-
bungswandler (86) umfasst, wobei die genannte
Sonde (80) dafur vorgesehen ist, Strukturen in der
N&he des genannten Bildgebungswandlers (86) dar-
zustellen, wobei die genannte Sonde (80) einen Be-
triebszustand hat, in dem die genannte Sonde (80)
in dem genannten Durchgang positioniert ist und der
genannte Bildgebungswandler (86) angrenzend an
die genannte Ablationsvorrichtung (20) angeordnet
ist, wobei die genannte Sonde von dem genannten
Durchgang entfernbar ist;

wobei die genannte Struktur einen Anschluss
distal zu der genannten Ablationsvorrichtung
definiert und sich der genannte Durchgang zu
dem genannten Anschluss erstreckt;

wobei die genannte Bildgebungssonde in einer
herausgezogenen Position positionierbar ist, in
der die genannte Bildgebungssonde durch den
genannten Anschluss herausragt, so dass der
genannte Wandler distal zu der genannten Ab-
lationsvorrichtung angeordnet ist.

Gerat nach Anspruch 1, wobei die genannte Ablati-
onsvorrichtung in dem genannten expandierten Zu-
stand eine Achse hat, die proximal und distal ver-
lauft, wobei die genannte Ablationsvorrichtung in
dem genannten expandierten Zustand dazu dient,
einer schleifenartigen Ablationsregion, die die ge-
nannte Achse umgibt, Ablationsenergie zuzufiihren,
wobei der genannte Anschluss angrenzend an die
genannte Achse angeordnet ist.

Gerat nach Anspruch 2, wobei der genannte Bildge-
bungswandler um die genannte Achse drehbar ist.

Gerat nach Anspruch 3, wobei die genannte Bildge-
bungssonde zu einer inneren Betriebsposition be-
wegbar ist, in der der genannte Bildgebungswandler
innerhalb der genannten expandierbaren Ablations-
vorrichtung angeordnet ist, wobei die genannte Bild-
gebungssonde dazu dient, die genannte Ablations-
vorrichtung umgebendes Gewebe darzustellen,
wenn sich die genannte Bildgebungssonde in der
genannten inneren Betriebsposition befindet.

Gerat nach Anspruch 4, wobei die genannte Bildge-
bungssonde, wenn sie sichinder genannten inneren
Betriebsposition befindet, Gewebe in der genannten
Ablationsregion darstellen wird.

Gerat nach Anspruch 5, wobei die genannte Ablati-
onsvorrichtung eine die genannte Achse umgeben-
de Ballonstruktur umfasst.
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Gerat nach Anspruch 6, wobei die genannte Bal-
lonstruktur eine Innenstruktur umfasst, die sich
durch den genannten Ballon erstreckt und einen Teil
des genannten Durchgangs definiert, wobei zumin-
dest ein Teil der genannten Innenstruktur im We-
sentlichen transparent fiir Ultraschallwellen ist.

Geréat nach Anspruch 7, wobei die genannte Innen-
struktur ein oder mehrere Eingriffelemente zum Ver-
stérken der genannten Ballonstruktur umfasst, wo-
bei mindestens eines der genannten Eingriffelemen-
te im Wesentlichen transparent fiir Ultraschallener-
gie ist.

Geréat nach Anspruch 8, wobei die genannte Innen-
struktur eine Feder umfasst, die dafiir vorgesehen
ist, die genannte Ballonstruktur wahrend der Defla-
tion der genannten Ballonstruktur zu strecken, und
wobei die genannte Feder im Wesentlichen trans-
parent fur Ultraschallenergie ist.

Revendications

Appareil comprenant :

une structure incluant un cathéter (10) présen-
tant une extrémité proximale (14) et une extré-
mité distale (12) et un dispositif d’ablation ex-
tensible (20) monté sur ledit cathéter (10) de ma-
niére adjacente a ladite extrémité distale (12) de
celui-ci, ledit dispositif d’ablation (20) présentant
un étatétendu etun état plié, un passage continu
s’étendant de ladite extrémité proximale adja-
cente (14) dudit cathéter audit dispositif d’abla-
tion,

ledit dispositif d’ablation extensible (20) inté-
grant une structure a ballonnet (22), un trans-
ducteur d’ablation est monté dans ladite struc-
ture a ballonnet, la structure a ballonnet définit
un réflecteur s’étendant autour d’'un axe lorsque
ladite structure a ballonnet est dans un état gon-
flé, ledit réflecteur est opérationnel pour diriger
les ondes ultrasoniques émises par ledit trans-
ducteur de maniere généralement distale dans
une région d’ablation de type boucle encerclant
I'axe ;

caractérisé par une sonde d’'imagerie ultrasonique
(80) incluant au moins un transducteur d’imagerie
(86), ladite sonde (80) étant adaptée pour imager
des structures a proximité dudit transducteur d’ima-
gerie (86), ladite sonde (80) présentant un état opé-
rationnel, dans lequel ladite sonde (80) est position-
né dans ledit passage et ledit transducteur d’image-
rie (86) est agencé de maniére adjacente audit dis-
positif d’ablation (20), ladite sonde étant détachable
dudit passage ;
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10

dans lequel ladite structure définit un orifice dis-
tal audit dispositif d’ablation et ledit passage
s’étend jusqu’audit orifice ;

dans lequel ladite sonde d’imagerie est position-
nable dans une position étendue, dans laquelle
ladite sonde d’imagerie fait saillie par ledit orifice
de sorte que ledit transducteur soit agencé de
maniére distale au dispositif d’ablation.

Appareil selon la revendication 1, dans lequel ledit
dispositif d’ablation dans ledit état étendu présente
un axe s’étendant de maniére proximale et distale,
ledit dispositif d’ablation dans ledit état étendu, étant
opérationnel pour appliquer une énergie d’ablation
dans une région d’ablation de type boucle encerclant
ledit axe, ledit orifice étant agencé de maniére adja-
cente audit axe.

Appareil selon la revendication 2, dans lequel ledit
transducteur d'imagerie peut tourner autour dudit
axe.

Appareil selon la revendication 3, dans lequel ladite
sonde d’imagerie est mobile vers une position opé-
rationnelle intérieure, dans laquelle ledit transduc-
teur d’'imagerie est agencé a l'intérieur dudit dispo-
sitif d’ablation extensible, ladite sonde d’imagerie
étant opérationnelle pour imager le tissu entourant
ledit dispositif d’ablation lorsque ladite sonde d’'ima-
gerie est dans ladite position opérationnelle intérieu-
re.

Appareil selon la revendication 4, dans lequel lors-
que ladite sonde d'imagerie est dans ladite position
opérationnelle intérieure, ladite sonde d’imagerie
imagera le tissu dans ladite région d’ablation.

Appareil selon la revendication 5, dans lequel ledit
dispositif d’ablation comprend une structure a bal-
lonnet entourant ledit axe.

Appareil selon la revendication 6, dans lequel ladite
structure a ballonnet comprend une structure inté-
rieure s’étendant par ledit ballonnet et définissant
une partie dudit passage, au moins une partie de
ladite structure intérieure étant sensiblement trans-
parente aux ondes ultrasoniques.

Appareil selon la revendication 7, dans lequel ladite
structure intérieure comprend un ou plusieurs élé-
ments d’engagement pour le renforcement de ladite
structure a ballonnet, au moins I'un desdits éléments
d’engagement étant sensiblement transparent a
I’énergie ultrasonique.

Appareil selon la revendication 8, dans lequel ladite
structure intérieure comprend un ressort adapté
pour allonger ladite structure a ballonnet pendant le
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dégonflage de ladite structure a ballonnet et dans
lequel ledit ressort est sensiblement transparent a
I'énergie ultrasonique.
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