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(57) An inflatable balloon assembly is deployable
through the lumen of a probe. The balloon assembly has
a plurality of ablation electrodes arranged circumferen-
tially on the balloon about its longitudinal axis, and a plu-
rality of ultrasound transducers circumferentially distrib-

uted on the balloon along atleastone of its latitudes. The
probe is connectable to circuitry configured for powering
the ablation electrodes and processing signals from the
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Description

COPYRIGHT NOTICE

[0001] A portion of the disclosure of this patent docu-
ment contains material that is subject to copyright pro-
tection. The copyright owner has no objection to the fac-
simile reproduction by anyone of the patent document or
the patent disclosure, as it appears in the Patent and
Trademark Office patent file or records, but otherwise
reserves all copyright rights whatsoever.

BACKGROUND OF THE INVENTION

1. Field of the Invention.

[0002] This invention relates to transferring non-me-
chanical forms of energy to or from the body. More par-
ticularly, this invention relates to determining the position
of a medical instrument in the body using ultrasound en-
ergy to measure a location parameter.

2. Description of the Related Art.

[0003] Cardiac arrhythmias, such as atrial fibrillation,
occur when regions of cardiac tissue abnormally conduct
electric signals to adjacent tissue, thereby disrupting the
normal cardiac cycle and causing asynchronous rhythm.
[0004] Procedures for treating arrhythmia include sur-
gically disrupting the origin of the signals causing the
arrhythmia, as well as disrupting the conducting pathway
for such signals. By selectively ablating cardiac tissue by
application of energy via a catheter, it is sometimes pos-
sible to cease or modify the propagation ofunwanted
electrical signals from one portion of the heart to another.
The ablation process destroys the unwanted electrical
pathways by formation ofnon-conducting lesions.
[0005] Circumferential lesions at or near the ostia of
the pulmonary veins have been created to treat atrial
arrhythmias. U.S. Patent Nos. 6,012,457 and 6,024,740,
both to Lesh, disclose a radially expandable ablation de-
vice, which includes a radiofrequency electrode. Using
this device, it is proposed to deliver radiofrequency en-
ergy to the pulmonary veins in order to establish a cir-
cumferential conduction block, thereby electrically isolat-
ing the pulmonary veins from the left atrium.
[0006] U.S. Patent No. 6,814,733 to Schwartz et al.,
which is commonly assigned herewith and herein incor-
porated by reference, describes a catheter introduction
apparatus having a radially expandable helical coil as a
radiofrequency emitter. In one application the emitter is
introduced percutaneously, and transseptally advanced
to the ostium of a pulmonary vein. The emitter is radially
expanded, which can be accomplished by inflating an
anchoring balloon about which the emitter is wrapped, in
order to cause the emitter to make circumferential contact
with the inner wall of the pulmonary vein. The coil is en-
ergized by a radiofrequency generator, and a circumfer-

ential ablation lesion is produced in the myocardial sleeve
of the pulmonary vein, which effectively blocks electrical
propagation between the pulmonary vein and the left atri-
um.
[0007] Commonly assigned U.S. Patent Application
Publication No. 20160175041, entitled Balloon for Abla-
tion around Pulmonary Veins, which is herein incorpo-
rated by reference, describes cardiac ablation that is car-
ried out by introducing a catheter into the left atrium, ex-
tending a lasso guide through the lumen of the catheter
to engage the wall of a pulmonary vein, and deploying a
balloon over the lasso guide. The balloon has an elec-
trode assembly disposed its exterior. The electrode as-
sembly includes a plurality of ablation electrodes circum-
ferentially arranged about the longitudinal axis ofthe cath-
eter. The inflated balloon is positioned against the pul-
monary vein ostium, so that the ablation electrodes are
in galvanic contact with the pulmonary vein, and electrical
energy is conducted through the ablation electrodes to
produce a circumferential lesion that circumscribes the
pulmonary vein.
[0008] Ultrasound transducers have been used to pro-
vide information to aid cardiac ablation. For example,
U.S. Patent No. 8,628,473 to Sliva et al. proposes an
ablation catheter comprising an ablation element to ab-
late a biological member at a target region outside the
catheter body and one or more acoustic transducers
each configured to direct an acoustic beam toward a re-
spective target ablation region and receive reflection ech-
oes therefrom. The distal member includes a transducer
housing in which the acoustic transducers are disposed,
the transducer housing including at least one transducer
window, which is the only portion in the distal member
through which the acoustic beam passes. There is at
least the at least one transducer window portion of the
distal member.
[0009] Another example is commonly assigned U.S.
Patent Application Publication No. 20160183915, enti-
tled Measurement of Tissue Thickness using Ultrasound
and Force Measurements, which is herein incorporated
by reference. Wall thickness of a cavity is determined by
inserting a catheter into contact with a wall of a cavity in
a body of a subject. The distal segment of the catheter
is provided with a contact force sensor and an ultrasound
transducer. The transducer is actuated to acquire ultra-
sound reflection data from the wall of the cavity, and while
the transducer is actuated, the catheter is reciprocated
against the wall of the cavity and the contact force meas-
ured between the catheter and the wall of the cavity. The
reflection data is correlated with the contact force. A set
of the correlated reflection data having the highest cor-
relation with the contact force is identified. The tissue
thickness between the inner surface and the identified
set of the reflection data is calculated according to the
time-of-flight therebetween.
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SUMMARY OF THE INVENTION

[0010] However, even with catheters that use A-mode
ultrasound transducers to find distances from the trans-
ducers to the pulmonary vein tissue, there is difficulty in
ensuring that a balloon catheter is properly positioned in
the pulmonary vein before ablation, and that the ablation
electrodes are touching the tissue.
[0011] According to disclosed embodiments ofthe in-
vention, A-mode transducers are distributed along two
or more different "latitudes" of the balloon, e.g., 30° and
60° (between the equator and the distal pole of the bal-
loon). Positioning the transducers on different latitudes
enables a controller using measurements from the trans-
ducers to determine that the balloon is correctly posi-
tioned at the entrance to the pulmonary vein. The en-
trance is effectively a funnel, so that correct positioning
of the balloon means that the transducers at, for example,
60° latitude, as well as those at 30° latitude, all give dis-
tance readings to the tissue close to zero.
[0012] In one embodiment, there are a first set of five
ultrasound transducers located on latitude 30°, and a
second set of five transducers located on latitude 60°.
There are ten ablation electrodes, and the transducers
are positioned at the electrodes, and are staggered so
as to alternate with one another on different lines of lon-
gitude.
[0013] There is provided according to embodiments of
the invention an apparatus including a probe and an in-
flatable balloon assembly deployable through the lumen
of the probe. The balloon assembly has a plurality of ab-
lation electrodes arranged circumferentially on the bal-
loon aboutits longitudinal axis, and a plurality ofultra-
sound transducers circumferentially distributed on the
balloon along at least one of its latitudes. The probe is
connectable to circuitry configured for powering the ab-
lation electrodes and processing signals from the trans-
ducers.
[0014] In one aspect of the apparatus a substrate is
configured as a plurality of longitudinal strips circumfer-
entially distributed on the balloon and the ablation elec-
trodes are disposed on the strips. The strips and the
transducers may be superimposed.
[0015] According to a further aspect of the apparatus,
the transducers are circumferentially distributed as a first
set of transducers at a first latitude and a second set of
transducers at a second latitude.
[0016] According to a further aspect of the apparatus,
there are ten ablation electrodes, and the first set of trans-
ducers and the second set of transducers each comprise
five transducers.
[0017] According to yet another aspect of the appara-
tus, the first latitude is at 30° above the equator and the
second latitude is at 60° above the equator toward the
distal pole.
[0018] According to yet another aspect of the appara-
tus, the first latitude is from 20° - 40° and the second
latitude is from 50°-70° above the equator toward the

distal pole.
[0019] According to still another aspect of the appara-
tus, the first set of transducers are staggered with the
second set oftransducers on respective first and second
sets of longitudes.
[0020] According to one aspect of the apparatus, the
transducers are configured for A-mode operation.
[0021] There is further provided according to embodi-
ments ofthe invention a method, which is carried out by
providing a probe, deploying an inflatable balloon through
the lumen of the probe beyond its distal portion, arranging
a plurality of ablation electrodes circumferentially on the
balloon about its longitudinal axis, distributing a plurality
of ultrasound transducers circumferentially on the bal-
loon along one of its latitudes, powering the ablation elec-
trodes, and processing signals from the transducers.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 
THE DRAWINGS

[0022] For a better understanding of the present inven-
tion, reference is made to the detailed description of the
invention, by way of example, which is to be read in con-
junction with the following drawings, wherein like ele-
ments are given like reference numerals, and wherein:

Fig. 1 is a pictorial illustration of a system for per-
forming catheterization procedures on a heart, in ac-
cordance with a disclosed embodiment of the inven-
tion;
Fig. 2 is a schematic diagram of an ablation and ac-
tive current location (ACL) circuit for use with the
system shown in Fig. 1;
Fig. 3 is a sectional schematic view of a transducer
assembly in an operational position in accordance
with an embodiment of the invention;
Fig. 4 is an oblique elevation of a balloon assembly
at the distal end of a catheter shaft in accordance
with an embodiment of the invention;
Fig. 5 is a projection of a portion of the balloon as-
sembly shown in Fig. 4 in accordance with an em-
bodiment of the invention; and
Fig. 6 is a flow chart illustrating a method of cardiac
catheterization and pulmonary vein isolation in ac-
cordance with an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0023] In the following description, numerous specific
details are set forth in order to provide a thorough under-
standing of the various principles of the present invention.
It will be apparent to one skilled in the art, however, that
not all these details are necessarily needed for practicing
the present invention. In this instance, well-known cir-
cuits, control logic, and the details of computer program
instructions for conventional algorithms and processes
have not been shown in detail in order not to obscure the
general concepts unnecessarily.
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[0024] Documents incorporated by reference herein
are to be considered an integral part of the application
except that, to the extent that any terms are defined in
these incorporated documents in a manner that conflicts
with definitions made explicitly or implicitly in the present
specification, only the definitions in the present specifi-
cation should be considered.

System Description.

[0025] Turning now to the drawings, reference is ini-
tially made to Fig. 1, which is a pictorial illustration of a
system 10 for performing ablative procedures on a heart
12 of a living subject, which is constructed and operative
in accordance with a disclosed embodiment ofthe inven-
tion. The system comprises a catheter 14, which is per-
cutaneously inserted by an operator 16 through the pa-
tient’s vascular system into a chamber or vascular struc-
ture of the heart 12. The operator 16, who is typically a
physician, brings the catheter’s distal tip 18 into contact
with the heart wall, for example, at an ablation target site.
Electrical activation maps may be prepared, according
to the methods disclosed in U.S. Patent Nos. 6,226,542,
and 6,301,496, and in commonly assigned U.S. Patent
No. 6,892,091, whose disclosures are herein incorporat-
ed by reference.
[0026] The system 10 may comprise a general purpose
or embedded computer processor, which is programmed
with suitable software for carrying out the functions de-
scribed hereinbelow. Thus, although portions of the sys-
tem 10 shown in other drawing figures herein are shown
as comprising a number of separate functional blocks,
these blocks are not necessarily separate physical enti-
ties, but rather may represent, for example, different com-
puting tasks or data objects stored in a memory that is
accessible to the processor. These tasks may be carried
out in software running on a single processor, or on mul-
tiple processors. The software may be provided to the
processor or processors on tangible non-transitory me-
dia, such as CD-ROM or non-volatile memory. Alterna-
tively or additionally, the system 10 may comprise a dig-
ital signal processor or hard-wired logic. One commercial
product embodying elements of the system 10 is availa-
ble as the CARTO® 3 System, available from Biosense
Webster, Inc., 3333 Diamond Canyon Road, Diamond
Bar, CA 91765. This system may be modified by those
skilled in the art to embody the principles of the invention
described herein.
[0027] Areas determined to be abnormal, for example
by evaluation of the electrical activation maps, can be
ablated by application of thermal energy, e.g., by pas-
sage ofradiofrequency electrical current through wires in
the catheter to one or more electrodes at the distal tip
18, which apply the radiofrequency energy to the myo-
cardium. The energy is absorbed in the tissue, heating
it to a point (typically above 50°C) at which it permanently
loses its electrical excitability. When successful, this pro-
cedure creates non-conducting lesions in the cardiac tis-

sue, which disrupt the abnormal electrical pathway caus-
ing the arrhythmia. The principles of the invention can be
applied to different heart chambers to diagnose and treat
many different cardiac arrhythmias.
[0028] The catheter 14 typically comprises a handle
20, having suitable controls on the handle to enable the
operator 16 to steer, position and orient the distal end of
the catheter as desired for the ablation. To aid the oper-
ator 16, the distal portion of the catheter 14 contains po-
sition sensors (not shown) that provide signals to a proc-
essor 22, located in a console 24. The processor 22 may
fulfill several processing functions as described below.
[0029] The distal end of catheter 14 is an expandable
balloon 37, having multiple electrodes 32, which are used
primarily as ablation electrodes and have known loca-
tions on the surface of the balloon, and known relation-
ships to one another. Thus, once the catheter is located
in the heart, for example by constructing a current posi-
tion map, the location of each ofthe electrodes 32 in the
heart is known. One method for generation of a current
position map is described in commonly assigned U.S.
Patent No. 8,478,383 to Bar-Tal et al., which is herein
incorporated by reference. Ultrasound transducers 39
positioned on the balloon 37 operate in A-mode to deter-
mine respective distances from target tissue, as de-
scribed below. The console 24 typically includes an ul-
trasound processor 41 to interpret signals from the trans-
ducers 39.
[0030] In addition to conducting radiofrequency current
through the electrodes 32, other electrical signals can be
conveyed to and from the heart 12 from the electrodes
32 via cable 34 to the console 24. Pacing signals and
other control signals may be conveyed from the console
24 through the cable 34 and the electrodes 32 to the
heart 12.
[0031] Wire connections 35 link the console 24 with
body surface electrodes 30 and other components of a
positioning sub-system for measuring location and ori-
entation coordinates ofthe catheter 14. The processor
22, or another processor (not shown) may be an element
ofthe positioning subsystem. The electrodes 32 and the
body surface electrodes 30 may be used to measure tis-
sue impedance at the ablation site as taught in U.S. Pat-
ent No. 7,536,218, issued to Govari et al., which is herein
incorporated by reference. A temperature sensor (not
shown), typically a thermocouple or thermistor, may be
mounted near the distal tip 18 of the catheter 14.
[0032] The console 24 typically contains one or more
ablation power generators 25. The catheter 14 may be
adapted to conduct ablative energy to the heart using
any known ablation technique, e.g., radiofrequency en-
ergy, ultrasound energy, and laser-produced light ener-
gy. Such methods are disclosed in commonly assigned
U.S. Patent Nos. 6,814,733, 6,997,924, and 7,156,816,
which are herein incorporated by reference.
[0033] In one embodiment, the positioning subsystem
comprises a magnetic position tracking arrangement that
determines the position and orientation of the catheter
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14 by generating magnetic fields in a predefined working
volume and sensing these fields at the catheter, using
field generating coils 28. A suitable positioning subsys-
tem is described in U.S. Patent No. 7,756,576, which is
hereby incorporated by reference, and in the above-not-
ed U.S. Patent No. 7,536,218.
[0034] As noted above, the catheter 14 is coupled to
the console 24, which enables the operator 16 to observe
and regulate the functions of the catheter 14. Console
24 includes a processor, preferably a computer with ap-
propriate signal processing circuits. The processor is
coupled to drive a monitor 29. The signal processing cir-
cuits typically receive, amplify, filter and digitize signals
from the catheter 14, including signals generated by the
above-noted sensors and a plurality of location sensing
electrodes (not shown) located distally in the catheter 14.
The digitized signals are received and used by the con-
sole 24 and the positioning system to compute the posi-
tion and orientation of the catheter 14 and to analyze the
electrical signals from the electrodes as described in fur-
ther detail below.
[0035] Typically, the system 10 includes other ele-
ments, which are not shown in the figures for the sake
of simplicity. For example, the system 10 may include an
electrocardiogram (ECG) monitor, coupled to receive
signals from one or more body surface electrodes, so as
to provide an ECG synchronization signal to the console
24. As mentioned above, the system 10 typically also
includes a reference position sensor, either on an exter-
nally applied reference patch attached to the exterior of
the subject’s body, or on an internally-placed catheter,
which is inserted into the heart 12 and maintained in a
fixed position relative to the heart 12. The system 10 may
receive image data from an external imaging modality,
such as an MRI unit or the like and includes image proc-
essors that can be incorporated in or invoked by the proc-
essor 22 for generating and displaying images that are
described below.
[0036] Reference is now made to Fig. 2, which is a
schematic diagram of an ablation and active current lo-
cation (ACL) circuit 44 for use with the system shown in
Fig. 1. This arrangement is similar to that described in
U.S. Patent Application Publications 2006/0173251, to
Govari et al., and 2007/0038078, to Osadchy, which are
herein incorporated by reference. The arrangement can
be modified to operate in accordance with the principles
of the present invention. A brief description follows for
convenience ofpresentation.
[0037] A plurality ofbody surface electrodes 46, which
can be adhesive skin patches, are coupled to a body
surface 48 (e.g., the skin) of subject 50. The body surface
electrodes 46 are sometimes referred to herein as "patch-
es". In cardiac applications the body surface electrodes
46 are usually distributed so as to surround the heart,
three on the chest of the subject and three on the back.
However, the number of the body surface electrodes 46
is not critical, and they may be placed at convenient lo-
cations on the body surface 48 in the general vicinity of

the site of the medical procedure.
[0038] A control unit 52, normally disposed in the con-
sole 24 (Fig. 1), includes current measurement circuitry
54 and one or more catheter electrode transmitters 56
for driving a current through one or more of the electrodes
46 to one or more ofthe body surface electrodes 46 atre-
spective working frequencies. The control unit 52 is
linked to the positioning processor 22 (Fig. 1). The control
unit 52 is linked to an ablator 58, which comprises at least
one ablation generator 60. Currents through the body
surface electrodes 46 and an ablator body surface elec-
trode 62 flow in a circuit with the ablation generator 60
and are measured by respective current measurement
circuits that are disposed within body electrode receivers
64, sometimes referred to herein as "patch measurement
circuits". The body electrode receivers 64 are typically
incorporated in the control unit 52. Alternatively, they may
be affixed to the body surface electrodes 46. Catheter
electrodes are represented in Fig. 2 as measurement
electrodes 66 (circles) and a dual-purpose electrode 68
(ellipse). The dual-purpose electrode 68 functions as an
ablation electrode and also serves as one of the meas-
urement electrodes.
[0039] The body surface electrodes 46 are connected
to the body electrode receivers 64 via a patch box 70,
which protects the system from ablation and defibrillation
currents. Typically the system is configured with six body
electrode receivers 64. The patch box parasitic imped-
ances 72 (Z), are measured during production and thus
known a priori. These impedances are discussed below.
[0040] Typically, although only two measurement elec-
trodes 66 are shown for convenience, about 80 meas-
urement electrodes are used for impedance measure-
ments. Typically there are one or two ablation electrodes.
The coordinates of a catheter inside the body are deter-
mined by passing currents between electrodes on the
catheter and the body surface electrodes 46.
[0041] The control unit 52 may also control an ablation
circuit, comprising ablator 58, and the dual-purpose elec-
trode 68. The ablator 58 is typically disposed externally
to the control unit 52 and incorporates the ablation gen-
erator 60. It connects with the ablator body surface elec-
trode 62 and to an ablator filter 76, which in this example
is shown within the control unit 52. However this location
is not essential. A switch 78 configures the ablator circuit
for different modes of operation as described below. It
will be noted from inspection of Fig. 2 that the ablation
circuit is connected to one of the catheter electrode trans-
mitters 56.
[0042] Reference is now made to Fig. 3, which is a
sectional schematic view of a transducer assembly 82 in
an operational position at a pulmonary vein ostium 84 in
accordance with a preferred embodiment ofthe invention.
Transducer assembly 82 is disposed proximate the os-
tium 84, external to an optional anchoring balloon (not
shown). The use of ultrasonic beam focusing techniques
eliminates the difficulty of physically conforming the
transducer to the wall of the pulmonary vein, as is re-
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quired by conventional techniques, which often required
multiple versions of the catheter, each dimensioned to
one of many anatomic variations of the structures near
the target ablation zone.
[0043] The transducer assembly 82 has a lumen 88.
A body section 90 is preferably shaped as a truncated
cone, preferably having an inclination angle 92 of approx-
imately 20 degrees. Thus, the cross section of a proximal
portion ofthe body section 90 is larger than the cross
section of its distal portion. A piezoelectric element 94 of
known type, such as a ceramic, is present within the body
section 90. The transducer assembly 82 functions as an
omnidirectional ultrasonic lens, forming a generally for-
ward-directed circumferential beam 96, indicated by
dashed lines. The beam 96 converges onto target tissue
98. The piezoelectric element 94 may be realized as an
array of transducers, which can be tuned, under control
of a control unit 100, so as to shape the beam 96 as may
be required for a particular ablation procedure, in order
to adapt the beam to the local anatomy. This can be done
in a known manner, for example by operating elements
of the array out of phase with one another.
[0044] The transducer assembly 82 is connected by a
cable 102 to a suitable power source 104 and to the con-
trol unit 100 and can be operated in A-mode. Preferably
the transducer assembly 82 is 4.0 mm in length, and has
an OD of 2.6 mm. The transducer assembly 82 is quarter-
wave impedance matched, using air-backing material
within the body section 90. It preferably operates at an
excitation frequency of 3 - 4 MHz, and has a focal depth
of 15 mm. Typical driving power is 30 - 40W. Structures
suitable for the components of the transducer assembly
82 are disclosed, for example, in U.S. Pat. No. 6,296,619,
and the above-noted U.S. Pat. No. 6,117,101, which are
incorporated herein by reference. It is also possible to
construct the transducer assembly 82 as a thin-film pol-
ymer wrapped about the outer surface of the catheter.
The active sites to be ablated may be identified using the
location and mapping system disclosed in commonly as-
signed U.S. Pat. No. 5,840,025, which is herein incorpo-
rated by reference.

Balloon Catheter.

[0045] Reference is now made to Fig. 4, which is an
oblique elevation of a balloon assembly 106 at the distal
end of a catheter shaft 108 in accordance with an em-
bodiment ofthe invention. The balloon assembly 106 in-
cludes an expanded balloon 110, which typically is in the
form of a sphere or an oblate sphere, in which a diameter
112 through a distal pole 114, coaxial with a longitudinal
axis of the shaft, is less than an equatorial diameter (not
shown) that is perpendicular to the diameter 112. Parallel
lines of latitudes are shown at 60° (latitude 116) and 30°
(latitude 118) measured from the equator of the balloon
110 toward the distal pole 114. A variation of 610° may
be tolerated in the latitudes, so that in different embodi-
ments the latitudes could vary from 50° - 70° and 20° -

40°, respectively. Situated on the surface wall of the bal-
loon 110 are multiple longitudinal substrate strips 120
made ofpolyimide upon which ablation electrodes 122
are formed. In the example of Fig. 4 there are 10 elec-
trodes 122 distributed about the circumference ofthe bal-
loon 110. The electrodes 122 and transducers 124 may
be incorporated into the balloon 110 in different ways,
for example, by adhering with an adhesive, stamping,
printing, wire bonding, soldering, or combinations there-
of, as known in the art. Flexible circuitry may be em-
ployed.
[0046] The expanded balloon 110 is deployable
through a lumen in the shaft 108. The balloon 110 is
configured to engage and ablate the wall of a pulmonary
vein in order to correct aberrant conduction, as de-
scribed, for example in commonly assigned U.S. Patent
No. 6,997,924 and U.S. Patent Application Publication
No. 20160175041, which are herein incorporated by ref-
erence. Multiple A-mode ultrasound transducers 124 are
distributed on the balloon 110 It has been found that a
near-optimal arrangement of the transducers 124 is a
circumferential distribution of one set of the transducers
124 at 60° latitude 116 and another set at 30° latitude
118. Because the pulmonary veins taper from widest di-
ameters at their ostia, when the balloon 110 is navigated
and expanded within the pulmonary vein, as described,
for example in the above noted U.S. Patent Application
Publication No. 20160175041, its surface closely approx-
imates the pulmonary vein intima both at 60° latitude 116,
where the diameter of the pulmonary vein is relatively
small and at 30° latitude 118, where it is relatively large.
The signals from the transducers 124 correspond to a
distance between the transducers 124 and the wall of
the pulmonary vein of nearly zero.
[0047] In the embodiment of Fig. 4, there are a total of
10 transducers 124: five each in the sets at 60° latitude
116 and 30° latitude 118. The two sets are staggered
with respect to one another so as to lie on alternate lines
of longitude. Each set is equally distributed around the
circumference of the balloon 110. Preferably the sets
oftransducers 124 are associated with respective sets of
strips 120 as shown in Fig. 4, wherein the transducers
124 and the strips 120 are superimposed. The transduc-
ers 124 may be superimposed on the electrodes 122.
[0048] The number and configuration of the electrodes
122 and transducers 124 may be varied as required for
a particular medical application and the geometry of the
vessel being ablated. While the embodiment of Fig. 4 is
suitable for most pulmonary veins, the latitudes for the
transducers 124 may be chosen such that the contact
zones between the balloon and the intima match a par-
ticular taper of the target vessel.
[0049] Reference is now made to Fig. 5, which is a
projection of a portion of the balloon assembly 106 (Fig.
4) showing the layout of the strips 120 in relation to the
electrodes 122, and the sets of transducers 124 on two
concentric circles representing lines of latitude in accord-
ance with an embodiment of the invention.
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[0050] Reference is now made to Fig. 6, which is a flow
chart illustrating a method of cardiac catheterization and
pulmonary vein isolation in accordance with an embod-
iment of the invention.
[0051] At initial step 126 a cardiac balloon catheter
configured as described above in Fig. 1 and Fig. 4 is
conventionally introduced into the left atrium of a heart.
[0052] Next, at step 128 the balloon is navigated to
engage the interior wall of a pulmonary vein. This may
be done using a guide, such as the lasso guide described
in the above-noted U.S. Patent Application Publication
No. 20160175041. When a guide is used, the balloon
may be extended over the guide into an operating posi-
tion.
[0053] Next, at step 130 the balloon is inflated. Option-
ally, a radio-opaque contrast agent may then be injected
through the lumen of the catheter in order to confirm that
the balloon is in a correct position against the pulmonary
vein ostium.
[0054] Control now proceeds to decision step 132,
where it is determined if the balloon is correctly posi-
tioned. This is the case when the distance readings from
at least one set of transducers obtained in step 130 are
essentially zero. If the determination at decision step 132
is negative, then control proceeds to step 134. The bal-
loon is repositioned, which can include being partially or
fully deflated during the repositioning process. Control
returns to step 130 to iterate the placement until the po-
sition is determined to be correct.
[0055] If the determination at decision step 132 is af-
firmative, then control proceeds to step 136. A-mode
readings are taken from the ultrasound transducers on
the balloon to determine the respective distances be-
tween the transducers and the inner wall of the pulmonary
vein.
[0056] Next, at step 138, ablation is performed, e.g.,
using the electrodes 122 of the electrode ofthe balloon
assembly 106 (Fig. 4). Typically, a circumferential lesion
is created in a region of tissue that circumscribes the
pulmonary vein. The lesion blocks electrical propagation
and effectively electrically isolates the pulmonary vein
from the heart. Post-ablation electrograms may be ob-
tained in order to confirm functional isolation of the pul-
monary vein.
[0057] After completion of the ablation, the procedure
may be iterated using another pulmonary vein ostium by
withdrawal of the balloon. Control may then return to step
128. Alternatively, the procedure may end by removal of
the catheter at final step 140.
[0058] It will be appreciated by persons skilled in the
art that the present invention is not limited to what has
been particularly shown and described hereinabove.
Rather, the scope of the present invention includes both
combinations and sub-combinations of the various fea-
tures described hereinabove, as well as variations and
modifications thereof that are not in the prior art, which
would occur to persons skilled in the art upon reading
the foregoing description.

ASPECTS OF THE INVENTION

[0059]

1. A method comprising:

providing a probe having a distal portion and a
lumen;
deploying an inflatable balloon through the lu-
men beyond the distal portion, the balloon hav-
ing a surface wall, a longitudinal axis and lati-
tudes between an equator and a distal pole on
the surface wall;
arranging a plurality of ablation electrodes cir-
cumferentially on the balloon about the longitu-
dinal axis;
distributing a plurality of ultrasound transducers
circumferentially on the balloon along one of the
latitudes;
powering the ablation electrodes; and
processing signals from the transducers.

2. The method according to aspect 1, further com-
prising:

circumferentially distributing a substrate config-
ured as a plurality of longitudinal strips on the
balloon; and
disposing the ablation electrodes on the strips.

3. The method according to aspect 2, further com-
prising superimposing the strips and the transduc-
ers.

4. The method according to aspect 1, further com-
prising superimposing the ablation electrodes and
the transducers.

5. The method according to aspect 1, wherein the
transducers are circumferentially distributed as a
first set of transducers at a first latitude and a second
set of transducers at a second latitude.

6. The method according to aspect 5, wherein there
are ten ablation electrodes, and the first set of trans-
ducers and the second set of transducers each com-
prise five transducers.

7. The method according to aspect 5, wherein the
first latitude is at 30° above the equator and the sec-
ond latitude is at 60° above the equator toward the
distal pole.

8. The method according to aspect 5, wherein the
first latitude is from 20° - 40° and the second latitude
is from 50°-70° above the equator toward the distal
pole.
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9. The method according to aspect 5, wherein the
first set of transducers are staggered with the second
set of transducers on respective first and second sets
of longitudes.

10. The method according to aspect 1, further com-
prising operating the transducers in A-mode.

Claims

1. An apparatus comprising:

a probe having a distal portion and a lumen;
an inflatable balloon deployable through the lu-
men beyond the distal portion, the balloon hav-
ing a surface wall, a longitudinal axis and lati-
tudes between an equator and a distal pole on
the surface wall;
a plurality of ablation electrodes arranged cir-
cumferentially on the balloon about the longitu-
dinal axis; and
a plurality of ultrasound transducers circumfer-
entially distributed on the balloon along one of
the latitudes; wherein the probe is connectable
to circuitry configured for powering the ablation
electrodes and processing signals from the
transducers.

2. The apparatus according to claim 1, further compris-
ing a substrate configured as a plurality of longitudi-
nal strips circumferentially distributed on the balloon
wherein the ablation electrodes are disposed on the
strips.

3. The apparatus according to claim 2, wherein the
strips and the transducers are superimposed.

4. The apparatus according to claim 1, wherein the ab-
lation electrodes and the transducers are superim-
posed.

5. The apparatus according to claim 1, wherein the
transducers are circumferentially distributed as a
first set of transducers at a first latitude and a second
set of transducers at a second latitude.

6. The apparatus according to claim 5, wherein there
are ten ablation electrodes, and the first set of trans-
ducers and the second set of transducers each com-
prise five transducers.

7. The apparatus according to claim 5, wherein the first
latitude is at 30° above the equator and the second
latitude is at 60° above the equator toward the distal
pole.

8. The apparatus according to claim 5, wherein the first

latitude is from 20° - 40° and the second latitude is
from 50°-70° above the equator toward the distal
pole.

9. The apparatus according to claim 5, wherein the first
set of transducers are staggered with the second set
of transducers on respective first and second sets
of longitudes.

10. The apparatus according to claim 1, wherein the
transducers are configured for A-mode operation.
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