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ENERGY DELIVERY DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of International
Application PCT/US2016/062323, with an international fil-
ing date of Nov. 16, 2016, which claims priority to the
following U.S. Provisional Applications: 62/255,895, filed
Now. 16, 2015; 62/259,596, filed Nov. 24, 2015; 62/309,359,
filed Mar. 16, 2016; and 62/326,546, filed Apr. 22, 2016. All
of the aforementioned applications are incorporated by
reference herein. This application incorporates by reference
herein the disclosures of the following: U.S. Pat. No. 8,295,
902; U.S. Pat. No. 8,805,466; and U.S. Pub. No. 2014/
0357956.

INCORPORATION BY REFERENCE

[0002] All publications and patent applications mentioned
in this specification are herein incorporated by reference to
the same extent as if each individual publication or patent
application was specifically and individually indicated to be
incorporated by reference.

BACKGROUND

[0003] Therapeutic and/or diagnostic medical devices
having one or more electrodes have been described. For
example without limitation, catheters with electrodes carried
by one or more expandable or deformable members have
been described. Depending on the design and use, some
previously described medical device with one or more
electrodes may have some deficiencies or drawbacks. The
disclosure herein describes examples of devices and meth-
ods of use that provide some advantages to those previously
described.

SUMMARY OF THE DISCLOSURE

[0004] The disclosure includes a tissue ablation and visu-
alization apparatus, comprising: an inflatable balloon dis-
posed at a distal region of an elongate shaft; an ablation
element carried by the balloon; a first lens disposed inside
the inflatable balloon and providing a first field of view; and
a second lens disposed inside the inflatable balloon and
providing a second field of view different than the first field
of view, the second lens axially spaced at a fixed distance
from the first lens.

[0005] The apparatus can include a first image sensor
disposed inside the inflatable balloon, the first image sensor
positioned to receive light passing through the first lens, and
a second image sensor disposed inside the inflatable balloon,
the second image sensor positioned to receive light passing
through the second lens, the second image sensor axially
spaced at a fixed distance from the first image sensor.
[0006] The apparatus can further include a third lens
disposed inside the inflatable balloon, the third lens axially
spaced at a fixed distance from the first lens. The apparatus
can further include a third image sensor disposed inside the
inflatable balloon, the third image sensor positioned to
receive light passing through the third lens, the third image
sensor axially spaced at a fixed distance from the first image
sensor. The apparatus can further comprise a fourth lens
disposed inside the inflatable balloon, the fourth lens axially
spaced at a fixed distance from the second lens. The first and
fourth lenses can be axially aligned, or are at a fixed axial
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distance from each other that is less than the distance
between the first and second lenses. The apparatus can
further comprise a fourth image sensor positioned to receive
light passing through the fourth lens, the fourth image sensor
axially spaced at a fixed distance from the second image
sensor. The second and third lenses can be axially aligned,
or are at a fixed axial distance from each other that is less
than the distance between the first and second lenses.
[0007] The apparatus can further comprise a third lens
disposed inside the inflatable balloon, the third lens axially
spaced at a fixed distance from the first lens. The apparatus
can further comprise a fourth lens disposed inside the
inflatable balloon, the fourth lens axially spaced at a fixed
distance from the second lens.

[0008] The apparatus can further comprise a visualization
housing assembly disposed inside the balloon, the visual-
ization housing assembly comprising the first and second
lenses. The apparatus can further comprise an elongate
member disposed within the balloon and extending axially
through the balloon, the elongate member secured to a distal
end of the balloon, the elongate member disposed within the
visualization housing assembly and axially moveable rela-
tive to the visualization housing assembly.

[0009] The apparatus can further comprise a plurality of
electrodes carried by the balloon, each of the plurality of
electrodes having a portion disposed at an apex of the
balloon. The apparatus can further comprise a plurality of
second electrodes carried by the balloon, each of which has
a distal end that extends further distally than distal ends of
each of the plurality of electrodes.

[0010] The disclosure includes a tissue ablation device,
comprising: an inflatable balloon disposed at a distal region
of an elongate shaft; a flexible circuit, carried by the balloon,
comprising first and second arms spaced from one another
along at least a portion of their lengths, the first arm
comprising a first conductive member and the second arm
comprising a second conductive member, the first conduc-
tive member extending to a proximal region of the first arm,
and the second conductive member extending to a proximal
region of the second arm; and a first electrode in electrical
communication with the first conductive member, and a
second electrode in electrical communication with the sec-
ond conductive member, wherein the first arm has a proxi-
mal end that extends further proximally than a proximal end
of the second arm.

[0011] The first and second arms can each comprise a
substrate to which the respective conductive members are
secured, each of the substrates extending to proximal ends of
the respective arms.

[0012] Each of the first and second conductive members
can include a proximal pad that is an electrical extension of
the respective trace.

[0013] The first and second electrodes can be non-integral
with their respective conductive members. Fach of the
electrodes can be disposed over a respective arm.

[0014] The first and second electrodes can be part of the
first and second arms, respectively, the first and second
electrodes being part of the same layer of material as the
conductive members.

[0015] The device can further comprise a plurality of first
arms, the first arm being one of the plurality of first arms,
and a plurality of second arms, the second arm being one of
the plurality of second arms, each of the plurality of first
arms having a proximal end that extends further proximally
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than a proximal end of each of the plurality of second arms.
The plurality of first arms and the plurality of second arms
can be carried by the balloon in an alternating arrangement
around at least a portion of the balloon. Each of the plurality
of first arms can be adjacent to two of the plurality of
plurality of second arms, and each of the plurality of second
arms is adjacent to two of the plurality of first arms around
the balloon. The plurality of first arms can comprise at least
four arms, and wherein the plurality of second arms com-
prises at least four arms. Each of the plurality of first and
second arms can comprise at least six arms. Each of the
plurality of first arms can have a proximal end that extends
to the same axial position along the device as each of the
other proximal ends of the plurality of first arms. Each of the
plurality of second arms can have a proximal end that
extends to the same axial position along the device as each
of the other proximal ends of the plurality of second arms.
[0016] The first arm can comprise a third conductive
member extending to a proximal region of the first arm, the
first conductive member having a proximal end that extends
further proximally than a proximal end of the third conduc-
tive member, the third conductive member being in electri-
cally communication with a third electrode.

[0017] The disclosure includes a tissue ablation device,
comprising: an inflatable balloon disposed at a distal region
of an elongate shaft; a substrate secured to an outer surface
of the balloon, the substrate comprises a plurality of pro-
trusions extending laterally and distally from at least one
side of the substrate, the plurality of protrusions enhancing
the substrate’s adhesion to the balloon; an adhesive disposed
between first and second of the plurality of protrusions, and
in contact with the balloon, and a conductive element
secured to the substrate and in electrical communication
with an electrode.

[0018] The plurality of protrusions can extend laterally
from first and second sides of the substrate.

[0019] At least 50% of the plurality of protrusions can
have the same general configuration.

[0020] At least some of the plurality of protrusions can
comprise two sides that are generally parallel.

[0021] At least some of the plurality of protrusions have a
width from 0.001 inch to 0.5 inches.

[0022] At least some of the plurality of protrusions have a
length from 0.001 inches to 0.05 inches.

[0023] At least some of the plurality of protrusions are
axially spaced from 0.001 inches to 0.5 inches apart.
[0024] The substrate can comprise at least 5 protrusions on
a first side. The substrate can comprise at least 5 protrusions
on a second side.

[0025] The electrode can be disposed over the substrate
covering at least some of the plurality of protrusions.
[0026] The disclosure includes a tissue ablation device,
comprising an inflatable balloon disposed at a distal region
of an elongate shaft; and a flexible circuit, carried by the
balloon, comprising a plurality of arms spaced apart from
one another along at least a portion of their lengths, wherein
each of the plurality of arms comprises at least one ablation
electrode, and wherein a first arm is adjacent to a second
arm, the first arm having a different number of ablation
electrodes than the second arm.

[0027] The plurality of arms can comprise a plurality of
first arms and a plurality of second arms, the plurality of first
arms having a first number of ablation electrodes, and the
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plurality of second arms having a second number of ablation
electrodes different than the first number of ablation elec-
trodes.

[0028] The plurality of arms can be arranged around the
balloon such that the plurality of first arms and the plurality
of second arms are in an alternating arrangement. The
plurality of first arms can each have two ablation electrodes,
and the plurality of second arms each have one ablation
electrode. The plurality of arms can be arranged around the
balloon such that the plurality of first arms and the plurality
of second arms are in an alternating arrangement. The first
and second arms can each comprise a mapping electrode.
[0029] The plurality of first arms can each include an
electrode that is part of a first array of electrodes axially
aligned along the length of the balloon. The plurality of
second arms can each include an electrode that is part of a
second array of electrodes axially aligned along the length of
the balloon, the second array axially spaced from the first
array. The plurality of second arms can also each comprise
an electrode that is part of the first array of electrodes axially
aligned along the length of the balloon.

[0030] The disclosure includes a tissue ablation device,
comprising: an inflatable balloon disposed at a distal region
of an elongate shaft; a plurality of electrodes carried by an
outer surface of the balloon, each of the plurality of elec-
trodes sized and positioned such that any two adjacent
electrodes will, when activated in bipolar mode and with a
power input 25 W or less, optionally 15 W or less, cause a
complete burn to occur in tissue between the two electrodes.
[0031] The disclosure includes a method of ablating tissue
at certain power densities, comprising: providing expand-
able device comprising an inflatable balloon and a plurality
of electrodes carried thereby; moving at least two of the
plurality of electrodes into contact with tissue; delivering RF
energy between two adjacent electrodes in bipolar mode, at
a power of 25 W or less, optionally 15 W or less, to create
a power density based on the surface area of the electrodes
and the space between the electrodes, of 40 W/cm? or less;
and ablating tissue between the two electrodes by delivering
the RF energy.

[0032] The disclosure includes a method of ablating tissue
at certain power densities, comprising: providing expand-
able device comprising an inflatable balloon and a plurality
of electrodes carried thereby; moving at least two of the
plurality of electrodes into contact with tissue; and deliver-
ing RF energy between two adjacent electrodes in bipolar
mode such that the energy density is 40 W/cm? or less.
[0033] The disclosure includes a tissue ablation device,
comprising: an inflatable balloon disposed at a distal region
of an elongate shaft; and a plurality of distal electrodes
carried by an outer surface of the balloon, and a plurality of
proximal electrodes carried by an outer surface of the
balloon, the proximal electrodes and distal electrodes all
having substantially the same surface area, optionally within
5% of each other, wherein the proximal electrodes have a
first configuration and the distal electrodes have a second
configuration, the first and second configurations being
different.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIGS. 1A, 1B, and 1C illustrate an exemplary
ablation device in an expanded configuration.

[0035] FIG. 1D illustrates an exemplary ablation device in
a collapsed configuration.
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[0036] FIG. 2A is a side view of an exemplary distal
region of an ablation catheter.

[0037] FIG. 2B is a close up side view of the inside of the
catheter from FIG. 2A.

[0038] FIG. 3 is a perspective sectional view showing
inside the expandable membrane.

[0039] FIG. 4 illustrates a camera assembly.

[0040] FIG. 51is a perspective view of a distal region of an
ablation catheter, with a cutaway of an expandable member.

[0041] FIG. 6 is an exemplary flat view of an LED flex
circuit.
[0042] FIG. 7 illustrates the distal end of a device incor-

porating a slideable sheathing tool comprising a sheathing
tube.

[0043] FIG. 8 is a flat view showing three individual flex
circuits that are secured to the exterior of a membrane and
to electrodes.

[0044] FIG. 9A illustrates a portion of one of the flex
circuits and electrodes in FIG. 8.

[0045] FIG. 9B illustrates the exemplary different layers
of the flex circuit from section S-S from FIG. 9A.

[0046] FIG. 10 illustrates each of the three flex circuit tails
terminating in terminations extending proximally from the
distal end of the balloon and extending proximally within an
outer shaft and secured to the outer surface of the proximal
end of the balloon and irrigation shaft.

[0047] FIG. 11 is a side view of a distal portion of an
exemplary visualization catheter.

[0048] FIGS. 12A, 12B, 12C, and 12D show the orienta-
tions of the axes of four cameras in relationship to the
longitudinal axis of a catheter shaft.

[0049] FIG. 13 shows the geometry of one of the four
cameras, and all four have the same geometry.

[0050] FIG. 14 shows a picture of a regular grid pattern
target taken by a representative camera.

[0051] FIGS. 15A, 15B, and 15C show parameterization
that can be used to unwrap the 3D surface of the ellipsoidal
balloon into a 2D plane.

[0052] FIG. 16 shows a set of four camera images simu-
lated using a known pattern, in this case, ablation electrodes
painted on the membrane.

[0053] FIG. 17 shows the panoramic image generated by
projecting the images from FIG. 22 back onto the
unwrapped balloon surface using the methods described
above.

[0054] In FIG. 18 the panoramic image is generated by
projecting the component images back onto the unwrapped
balloon surface.

[0055] FIG. 19 shows tissue images acquired by four
cameras using the methods described herein.

[0056] FIG. 20 illustrates only one of the four fields of
view for one of the four cameras in the camera assembly.
[0057] FIG. 21 illustrates the four fields of view from the
four cameras, each overlaid with at least one other field of
view, to give the physician a 360 degree view.

[0058] FIGS. 22A, 22B, and 22C illustrate an exemplary
method of ablating cardiac tissue.

[0059] FIGS. 23A, 23B, and 23C illustrate an exemplary
method of ablating cardiac tissue.

[0060] FIG. 24 is an exemplary schematic of the electrical
aspect of an exemplary embodiment.

[0061] FIG. 25 illustrates mapping signals from a plurality
of channels.
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[0062] FIGS. 26 and 27 illustrate aspects of an external
console.
[0063] FIG. 28 illustrates an exemplary block diagram of

a cardiac ablation system.

[0064] FIG. 29 illustrates exemplary information and indi-
cators that can be superimposed on the images from the
cameras.

[0065] FIG. 30 represents an exemplary flexible circuit for
application to the outer surface of a balloon.

[0066] FIG. 31 shows an assembled flexible circuit affixed
to a balloon.
[0067] FIGS. 32A and 32B illustrate a composite view as

described herein from a four camera array as presented to the
user on a display.

[0068] FIGS. 33 and 34 illustrate an exemplary embodi-
ment of an ablation catheter wherein the balloon is config-
ured for contact (physical) measurements.

[0069] FIGS. 35A, 35B, and 35C illustrate a sheathing
device that can be used to sheath an electrode assembly for
minimally-invasive delivery.

[0070] FIGS. 36A, 36B, 36C, 36D, 36E, 36F, 36G, 36H,
361, 36J, 36K illustrate a method of sheathing an electrode
assembly for minimally-invasive delivery.

[0071] FIGS. 37A, 37B, and 37C illustrate two embodi-
ments of an electrode supporting membrane and shaft inter-
face.

[0072] FIGS. 38A and 38B illustrate an alternate embodi-
ment of an electrode supporting membrane and shaft inter-
face.

[0073] FIGS. 39A, 39B, and 39C illustrate an alternate
embodiment of an electrode supporting membrane and shaft
interface.

[0074] FIGS. 40A, 40B, and 40C illustrate an exemplary
diagnostic and/or therapeutic medical device.

[0075] FIGS. 41A, 41B, 41C, and 41D illustrate an exem-
plary visualization system for a diagnostic and/or therapeu-
tic medical device.

[0076] FIGS. 42A, 42B, 42C, and 42D illustrate exem-
plary fields of view of the cameras in the visualization
system in FIGS. 414, 41B, 41C, and 41D.

[0077] FIGS. 43 and 44 illustrate a merely exemplary
external device that includes an actuator adapted to control
the position of a distal region of a balloon.

[0078] FIGS. 45A and 45B illustrate an exemplary thera-
peutic and/or diagnostic medical device.

[0079] FIG. 45C illustrates an exemplary actuator of the
external device in the medical device from FIGS. 45A and
45B.

[0080] FIG. 46 illustrates an exemplary flex circuit and
electrode design.

[0081] FIGS. 47A, 47B, 47C, 47D, 47E, 47F, 47G, and
47H illustrate a portion of the exemplary flex circuit and
electrode design from FIG. 46.

[0082] FIG. 48 illustrates an exemplary flex circuit and
electrode design.

[0083] FIGS. 49A and 49B illustrate a portion of an
exemplary flex circuit.

[0084] FIGS. 50A and 50B illustrate exemplary elongate
members that are not integrally formed with other elongate
members, or with a distal hub, but are each secured to a
distal hub.

[0085] FIGS. 51A and 51B illustrate an exemplary
embodiment of a steerable energy delivery and/or diagnostic
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device comprising flexible low-profile electrodes and sensor
assemblies with an onboard imaging system in a compact
design.

[0086] FIG. 52 illustrates an exemplary embodiment of a
steerable energy delivery and/or diagnostic device compris-
ing flexible low-profile electrodes and sensor assemblies
with an onboard imaging system in a compact design.
[0087] FIG. 53 illustrates an exemplary elongate member,
or arm, of a flex circuit.

[0088] FIG. 54 illustrates an exemplary electrode pattern
carried by a balloon, and exemplary spacing of the plurality
of electrodes.

[0089] FIG. 55 illustrates an exemplary schematic for an
exemplary power train, which can be used with any of the
medical devices herein.

DETAILED DESCRIPTION

[0090] The disclosure describes methods of, and systems
and devices configured for, diagnosing, preventing, and/or
treating cardiac arrhythmias. The disclosure includes meth-
ods of and devices configured for ablating cardiac tissue.
The disclosure is related to and incorporates by reference the
devices and methods described in U.S. Pat. No. 8,295,902,
issued Oct. 23, 2012, and U.S. Pub. No. 2012/0071870,
published Mar. 22, 2012, the disclosures of which are
incorporated by reference herein. Devices herein can incor-
porate suitable structural features in embodiments in the
aforementioned applications even if the disclosure fails to
expressly include them. Additionally, the methods of use
herein can include suitable method steps in embodiments in
the aforementioned applications even if the disclosure fails
to expressly include them.

[0091] FIGS. 1A-1C illustrate a distal portion of an exem-
plary cardiac ablation catheter. FIGS. 1A-1C shows expand-
able member 10 in an expanded configuration. FIG. 1A is a
distal view, FIG. 1B is a perspective view, and FIG. 1C is a
side view.

[0092] The cardiac ablation catheter is configured to
deliver ablative energy to tissue such as cardiac tissue and to
ablate the tissue. Expandable member 10 includes mem-
brane, or balloon, 12 and a plurality of energy delivery
elements 14 secured to the exterior of membrane 12. In this
embodiment energy delivery elements 14 are electrodes
configured and positioned to deliver ablative RF energy to
tissue when expandable member 10 is inflated and to ablate
the tissue, and are in electrical communication with an RF
generator (not shown) configured to generate RF energy.
[0093] FIG. 1D illustrates expandable member 10 in a
collapsed, or deflated, configuration prior to full inflation.
[0094] FIG. 2A is a side sectional view of the distal
portion of the ablation catheter shown in FIGS. 1A-1C. FIG.
2B is a highlighted side sectional view of components within
outer shaft 51. FIG. 2A shows menibrane 12 expanded at the
distal end of outer lumen 50, which is the annular space
between outer shaft 51 and irrigation shaft 55. The distal end
of membrane 12 is secured, such as by press-fit and/or
adhesive, to distal hub assembly 20, between an inner
member and an outer member of assembly 10 as shown. The
proximal end of membrane 12 is secured to the outer surface
of irrigation shaft 55. Hub 20 is secured to guide wire shaft
54, which in this embodiment defines guidewire lumen 53 so
that the ablation catheter can be advanced over a guidewire
(not shown). Guidewire shaft 54 and irrigation shaft 55 are
adapted to be axially movable relative to one another, which
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allows the distal end of membrane 12 to be moved relative
to the proximal end of membrane 12. Relative movement
between the two components can allow for the shape of the
balloon to be changed. The movement also assists in tran-
sitioning expandable member 10 to a collapsed configura-
tion, as shown in FIG. 1D.

[0095] Visualization system 30 includes a camera assem-
bly 32 and illumination sources 35 disposed on the guide
wire shaft 54. The cameras are configured to enable real-
time imaging of the procedure from within the expandable
member 10 to visualize the membrane and electrodes, car-
diac tissue when the membrane/electrodes and cardiac tissue
interface, as well as lesion formation during the ablation
procedure, as is described in more detail below.

[0096] FIG. 2B shows radially outer shaft 51, irrigation
shaft 55 that defines irrigation lumen 52, and guide wire
shaft 54 that defines guidewire lumen 53.

[0097] The materials of the membranes 12 described
herein can vary. Generally, the membrane material is thin,
readily foldable into a low profile and refoldable after
expansion. The materials can be elastic, inelastic, stretchy,
non-stretchy, compliant, semi-compliant, or non-compliant.
In an embodiment, membrane 12 has an expandable struc-
ture and can be constructed of materials such as those
materials used in the construction of balloon catheters
known in the art, including, but not limited to polyvinyl
chloride (PVC), polyethylene (PE), cross-linked polyethyl-
ene, polyolefins, polyolefin copolymer (POC), polyethylene
terephthalate (PET), nylon, polymer blends, polyester, poly-
imide, polyamides, polyurethane, silicone, polydimethylsi-
loxane (PDMS) and the like. Membrane 12 can be con-
structed of relatively inelastic polymers such as PE, POC,
PET, polyimide or a nylon material. Membrane 12 can be
constructed of relatively compliant, elastomeric materials
including, but not limited to, a silicone, latex, urethanes, or
Mylar elastomers. Membrane 12 can be embedded with
other materials such as for example, metal, Kevlar or nylon
fibers. Membrane 12 can be constructed of a thin, non-
extensible polymer film such as polyester or other flexible
thermoplastic or thermosetting polymer film. In one embodi-
ment flexible membrane 12 can be about 0.001" to about
0.002" in thickness to provide sufficient burst strength and
allow for foldability. In some embodiments it is preferable
to have the electrode mechanical properties as close to the
membrane mechanical properties as possible. One way of
providing this is to use an inelastic membrane that will not
stretch as it is expanded. This helps secure the branches to
the membrane. Membrane 12 has a front, or distal, face that
is generally flat but can have other shapes as well.

[0098] Expandable member 10 includes what is generally
referred to in U.S. Pat. No. 8,295,902, issued Oct. 23, 2012,
and U.S. Pub. No. 2012/0071870, published Mar. 22, 2012,
as flex circuits. A flex circuit as used herein generally refers
to a conductive layer, an insulation layer, and optionally a
substrate layer. A flex circuit is in electrical communication
with at least one electrode.

[0099] FIG. 8 is a flat view showing three individual flex
circuits that are secured to the exterior of membrane 12.
Each of the three flex circuits includes six energy delivery
elements 14, and a tail terminating in termination 41 for the
six conductive traces, one for each of the six electrodes. The
terminations may be in the form of a connector or solder
pads or other such suitable interface. The terminations 41
extend proximally from energy delivery elements on the
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expandable member, one of which can be seen in FIG. 1D.
Each of the tails branch off into three branches 16, each one
of which includes two energy delivery elements. Each of the
two side branches 16 extend away from the longitudinal axis
of the connector at substantially the same angle and each of
two electrodes on a side branch is disposed at the same axial
position (in the distal/proximal direction) as the other cor-
responding electrode on the other side branch. The central
branch, however, initially extends along the same general
direction as the longitudinal axis of a tail, and the first
electrode on the central branch is axially disposed at the
same general location as the second electrodes on the right
and left branch. The central branch then extends away from
the longitudinal axis of the tail, and the second (distal)
electrode on the central branch is disposed further distally
than the other five electrodes on the flex circuit, and is
disposed radially (relative the longitudinal axis of tail) at the
same general position as the first (proximal) electrode on
one of the other side branches. In FIG. 8, the six electrodes
on one of the flex circuits are labeled A-F. The two side
branches of the flex circuit include electrodes A-B and E-F
respectively. The central branch includes electrodes C and
D. In the flat view, electrode C (the distal electrode of the
central branch) is axially disposed at the same general
position as electrodes B and F. Electrode D is disposed
further distally than the other five electrodes, and is posi-
tioned radially in the same general position as electrode A.
Electrodes A and E are disposed in the same general axial
position, as are electrodes B, C, and F. Each of the three flex
circuits is positioned on the expandable member, and the
arrangement and size of electrodes provides for eighteen
electrodes secured to the expandable member. As can be
seen in FIGS. 1A and 1B, there are three electrodes closely
surrounding hub 20.

[0100] FIG. 9A illustrates a portion of one of the flex
circuits in FIG. 8 (the flex circuit in which termination 41 is
at the “6 o’clock” position), including six energy delivery
elements 14. FIG. 9A shows as alternative embodiment in
which the distal electrode on the central branch 16 extends
to the right on the page rather than the left, as is shown in
FIG. 8. This arrangement provides the same general arrange-
ment of the eighteen electrodes on the balloon. In the
embodiment in FIGS. 1A-1C, there are three of the flex
circuits from FIG. 9A disposed on membrane 12, and thus
eighteen energy delivery elements secured to membrane 12.
FIG. 9B illustrates the exemplary different layers of the flex
circuit from section S-S from FIG. 9A. Electrically non-
conductive substrate layer 13 is deposited on membrane 12,
upon which conductive layers, or traces, 15 are deposited.
Insulation layer 17 is deposited on top of conductive layers
15 except where the electrodes 14 are located. For example,
to the left in FIG. 9B, an electrode 14 is disposed on
electrically conductive element 15, thus electrically cou-
pling electrode 14 and conductive layer 15, which is elec-
trically coupled to an RF generator. On the right side of FIG.
9B, insulation layer 17 prevents conductor 15 on the right
side from being electrically coupled to electrode 14. Instead,
the conductor 15 on the right side will be electrically
coupled to the distal electrode on that branch. Each indi-
vidual conductor 15 is therefore electrically coupled to only
one electrode 14. In the figure shown in 9A, there are six
individual conductive traces 15, each of which is individu-
ally coupled to one electrode. As is described in detail in
U.S. Pat. No. 8,295,902, issued Oct. 23, 2012; U.S. Pub. No.
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2012/0071870, published Mar. 22, 2012, the electrodes are
sized and configured to extend over a portion of the flex
circuit and a portion of membrane not covered by the flex
circuit. In this manner a large surface area electrode can be
deposited onto and secured to the membrane. Each electrode
is shown with an irrigation aperture in the middle thereof, as
is described herein to irrigate tissue adjacent the electrodes
and to prevent the irrigation fluid inside the membrane from
becoming too hot and interfering with the tissue ablation.

[0101] The conductor or conductive layer 15 can be a
material such as, but not limited to, a metal or metal foil of
copper, gold, silver, tin, nickel, steel, cupronickel (copper-
nickel alloy), KOVAR (nickel-cobalt ferrous alloy) or other
material. In an embodiment, more than one conductive
material can be used in the conductive layer 15. In an
embodiment, a conductive layer 15 of copper can be plated
with a thin layer of an additional conductive material at the
conductive pad beneath electrode 14. In an embodiment, the
thin layer of additional conductive material can be gold. The
flex circuit and its components can be manufactured using
techniques as known in the art.

[0102] The materials used to create the electrodes 14 can
vary. The electrodes 14 can be a thin film of an electro-
conductive or optical ink. The ink can be polymer-based for
better adhesion to the membrane. The electrode material can
be a biocompatible, low resistance metal such as silver,
silver flake, gold, and platinum which are additionally
radiopaque. Inks may additionally comprise materials such
as carbon and/or graphite in combination with the more
conductive materials already described. The addition of
carbon and/or graphite can increase the conductivity of the
polymer matrix. When incorporated as fibers the carbon
and/or graphite add additional structural integrity to the ink
electrode. Other fiber materials may be substituted to attain
the same end. When the electrode material is not particularly
radiopaque, additives such as tantalum and tungsten may be
blended with the electrode material to enhance radiopacity.
An example of an electro-conductive ink is provided by
Engineered Conductive Materials, LLC (ECM) which is a
polyurethane-based silver loaded ink. Another example is
Creative Materials Inc., which manufactures conductive
inks, films, as well as radiopaque inks. As mentioned above,
the electrodes 14 can be applied to the membrane 12 and flex
circuit using an adhesive. Alternatively, the electrode mate-
rial can have adhesive properties or be an adhesive-loaded
with conductive particles such as silver flakes such that
electrodes 14 can adhere the components of the flex circuit
to the membrane 12. If an additional adhesive layer is used
to adhere the electrode 14 to the membrane 12 and flex
circuit, the adhesive layer can include a conductive or
non-conductive material. The electrodes formed with elec-
tro-conductive or optical ink or thin metal film can be
visualized under fluoroscopy to provide a general sense of
the shape of the membrane and location of the electrode. To
enhance visualization under fluoroscopy, radiopaque addi-
tives can be included in the electrode material or radiopaque
markers laid out next to, on top or below the electrodes as
will be discussed in more detail below. Additionally, the
bonding layer or substrate will be optimally comprised of a
minimally reflective material.

[0103] Each of the electrodes is individually addressable,
or can be used with any other electrode. The electrodes can
operate in monopolar mode or bipolar mode, as is indicated
in the exemplary schematic shown in FIG. 34. Electrodes
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sets can be chosen such that the lesion is, for example
without limitation, linear, a spot, or a hollow circle.
[0104] FIG. 3 illustrates the coupling of the distal end of
membrane 12 and hub 20, which can be press fit, adhesive
coupling or a combination of both.

[0105] To prevent or reduce the likelihood of charring of
tissue that is in contact with the energy delivery elements
and coagulation of blood adjacent the electrodes, each of the
flex circuits at the locations of the electrodes includes an
irrigation aperture therethrough, and as shown are in the
center of the electrodes. The irrigation apertures also prevent
the inflation/irrigation fluid inside the membrane from
becoming too hot, which would interfere with the ablation.
Irrigation fluid, which is also the fluid that inflates mem-
brane 12 causing it to be reconfigured toward its expanded
configuration, is pumped from a fluid source through irri-
gation lumen 52, into membrane 12, through the irrigation
apertures (not labeled), and towards the tissue that is in
contact with the electrodes to cool the target tissue. One of
the drawbacks of previous attempts at cardiac ablation is that
the ablation procedures cause blood to coagulate or tissue to
char due to lack of a cooling feature. Additionally, since each
electrode is individually addressable, and the visualization
system allows the operator to identify whether an individual
electrode is in contact with tissue, only electrodes in contact
with tissue may be turned on. Thus energy is more efficiently
coupled to just the sites where ablation is desired and little
to no energy is dissipated into the blood.

[0106] One of the significant advantages of ablation cath-
eters herein is that, when in use, the ablation procedures can
be visualized with an imaging, or visualization, member
with a perspective from within the inflatable membrane. In
the embodiment in FIGS. 1A-1D, imaging member 30
includes camera assembly 32 that includes a plurality of
cameras 33 and a plurality of illumination, or light, sources,
35 (e.g., LEDs). Expandable member 10 also includes
diffuse reflector 22 that is secured to the external surface of
membrane 12. Reflector 22 is a diffuse reflector adapted to
create diffuse reflection of light incident upon it from the
illumination sources. Reflector 22 is adapted to reflect light
in a diffuse manner, as opposed to specular reflection, to
better illuminate as much of the camera field of view as
possible. If the reflector were adapted for specular reflection
rather than diffuse reflection, light from the illumination
sources that is reflected from the reflector would appear in
the camera’s field of view as a localized spot and would not
illuminate as much of the field of view as possible.

[0107] Illumination sources 35 are configured and posi-
tioned to provide illumination generally radially outward
towards reflector 22. Diffuse reflector 22 thus diffusely
reflects light forward toward the camera’s fields of view. The
illumination sources thus provide lighting for the cameras to
visualize the procedure, including the tissue, and the lesion
formation.

[0108] In some embodiments the diffuse reflector is
printed on the exterior of the balloon. The diffuse reflector
can be comprised of silicone or urethane resins filled with
nonconductive white pigment such as TiO, BaO, BaSo4,
styrene or other polymer beads, or of metal particles. Opti-
mal materials will be minimally reflective such as a black
adhesive.

[0109] In this embodiment the diffuse reflector is secured
to the membrane such that it does not completely overlap
any of the electrodes, and is positioned so that the illumi-
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nation sources, when activated, emit light towards the reflec-
tor. In this embodiment the diffuse reflector, or reflectors, is
secured to the membrane at a location that does not extend
all the way to the distal end of the membrane. In this
embodiment the reflector is secured to the membrane such
that it does not extend further distally than the proximal-
most electrode. In alternative embodiments, however, the
reflector can extend distally to the proximal-most electrode
in some locations around the membrane. For example, the
distal edge of the reflector can be curved rather than straight,
and depending on the electrode layout on the membrane,
some portions of the reflector may extend distally relative to
the proximal-most electrode. If the membrane in its inflated
configuration can be divided in half between the distal most
location and proximal most location defining a distal portion
and proximal portion, the reflector is disposed at least on the
proximal portion. In the embodiment shown in FIGS.
1A-1C, the reflector is disposed only on the proximal
portion.

[0110] One aspect of the disclosure is an expandable
member that includes a diffuse reflector but does not include
any ablation element. For example, medical devices that
include an inflatable member and at least one camera and at
least one light source therein can benefit from a diffuse
reflector even if the device is not used for ablation proce-
dures.

[0111] While the reflector herein is described as being a
diffuse reflector, there may be some uses in which a reflector
that reflects light in a specular manner may be beneficial.
Alternatively, a reflector can have portions that reflect light
in a diffuse manner and portions that reflect light in a
specular manner.

[0112] FIG. 4 shows an exemplary camera assembly 32
that includes four cameras 33, which are disposed within
camera hub 37 at an angle relative to the longitudinal axis of
the catheter. Camera hub 37 is secured to guide wire shaft
54, and includes lumen 39 configured to receive guide wire
shaft 54 therein.

[0113] FIG. 5 is another perspective view of expandable
member 10 with a cutaway of the membrane. FIG. 6 is an
exemplary flat view of the LED flex circuit, including the
LEDs, that is wrapped around the illumination hub proximal
to the cameras.

[0114] As set forth above, light is reflected from the
diffuse reflector to provide illumination in the field of the
view of the at least one camera. The field of view of the
camera can include the view of an electrode secured to the
membrane. As set forth herein, the electrodes can be highly
reflective, such as if they are comprised of silver. Reflective
electrodes causes light incident upon the electrodes to reflect
into the camera field of view, which can cause the electrodes
to appear as bright spots on the display, possibly interfering
with viewing the procedure. It can thus be beneficial to
include in the catheter a reflection adjuster that is adapted to
reduce specular reflection of light from at least one of the
plurality of ablation electrodes into the field of view of an
imaging member.

[0115] In some embodiments the reflection adjuster is a
light absorber. The light absorber can be positioned between
the bottom of the electrodes and the membrane. In some
embodiments the light absorber is a black adhesive that
adheres portions of the electrode to the membrane, as well
as acts as a light absorber.
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[0116] In some embodiments the reflection adjuster is an
anti-reflective coating. Exemplary anti-reflective coatings
include, for example without limitation, a deposited thin
layer of TiO2, MgF2, and “moth eye” structures comprised
of nanoparticles approximately 200 nm in diameter spaced
300 nm range, random microstructure secured to or created
on the interior surface of the membrane that is adapted to
reduce reflection. The anti-reflective coating can be adhered
to only a portion of the membrane, such as the portion where
the electrodes are disposed. For example, an anti-reflective
coating could be applied to only the distal portion of the
inner membrane.

[0117] A reflection adjuster will reduce the amount of
reflection from the bottom of the electrodes, creating a
clearer image of the membrane and electrodes from within
the membrane.

[0118] When the images or video provided by the at least
camera are displayed on the display, it can be helpful to be
able to visually identify the electrodes on the display. For
example, a user interface can be used to control delivery
parameters for any of the electrodes, and enabling the
physician to easily determine and confirm that a given
electrode on the video is a particular electrode on the user
interface simplifies the procedures and ensures that the
correct electrodes are being activated and used as intended.
[0119] In some embodiments the catheter includes an
electrode identifier associated with at least one of the
plurality of electrodes, and is some embodiments the cath-
eter includes an electrode identifier with each of the plurality
of electrodes. The electrode identifier need not be unique to
each of the electrode, but in some embodiments it is unique
to each electrode. The electrode identifier is visually iden-
tifiable and allows an individual to visually associate the
identifier with an electrode.

[0120] In some embodiments the electrode identifier is an
alphanumeric characters disposed on or near each of the
electrodes. An example of this type of identifier is described
and shown below. For example, an alphanumeric character
can be printed on the back of an electrode, or the back of a
portion of the flex circuit that is associated with an electrode.
An alphanumeric character can also be printed on the
membrane near the electrode so that the identifier can be
easily associated with a particular electrode.

[0121] In some embodiments the electrode identifiers are
colors associated with one or more of the electrodes. For
example, the electrodes can be color-coded so that a user can
visually identify each of the electrodes. In some embodi-
ments a group of electrodes can have a particular color, such
as all of the electrodes connected to the same flex circuit are
all one color. An additional example of an electrode iden-
tifier is the shape of the electrode so that the electrode or
group of electrodes can be visually identified based on their
shape. For example, groups of electrodes can be circular,
oval, hexagonal, rectangular, square, etc. Each electrode
could have a unique shape to it as well.

[0122] An example of electrode identifiers is described
below in the context of overlaying field of view images from
a plurality of cameras.

[0123] FIG. 10 illustrates each of the three flex circuit tails
terminating in terminations 41 (one for each flex circuit)
extending proximally from the distal end of the balloon and
extending proximally within outer shaft 51 and secured to
the outer surface of the proximal end of the balloon and
irrigation shaft 55. The proximal aspect of the configuration
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can also be seen in FIG. 2B. In FIG. 10, six conductive wires
18 can be seen extending proximally from one of the
terminations 41, each one of which is in electrical commu-
nication with one of the six electrodes in that particular flex
circuit. The six wires 18 extend the length of the catheter and
are in communication with the RF generator. In an alternate
embodiment, not shown, the six conductive traces 15 extend
the length of the catheter and are in communication with the
RF generator. Camera flex circuit 43 for the visualization
system is also shown in FIG. 10, extending proximally from
the visualization system in the catheter.

[0124] Exemplary materials for the membrane and flex
circuit materials can be found in U.S. Pat. No. 8,295,902,
issued Oct. 23, 2012; U.S. Pub. No. 2012/0071870, pub-
lished Mar. 22, 2012. Additional examples of memibrane
material include PET, Polyurethane, etc. Exemplary mate-
rials for the reflector include metalized paints, silicone or
urethane resin filled with nonconductive white pigment such
as TiO or BaO or BaSo4, preferably non-conductive. Exem-
plary materials for the electrodes include silver filled sili-
cone or urethane. Exemplary materials for the conductive
traces are conductive metals including copper or other such
conductive materials. The insulation layers can be known
dielectric materials. Exemplary materials for the substrate
include Kapton.

[0125] Inuse, the visualization system allows for real-time
visualization of the procedure with a view by one or more
cameras disposed within the balloon. The visualization
allows for the entire procedure to be visualized, allowing
physicians to assess the degree of tissue contact, and see the
electrodes, tissue, and lesion formation as it occurs. For
clarity, FI1G. 29 illustrates only one of the four field of views
for one of the four cameras in the camera assembly. FIG. 30
illustrates the four field of views from the four cameras, each
overlaid with at least one other field of view, to give the
physician a 360 degree view (with the longitudinal axis of
the catheter as the reference) of the treatment area. While
there is a blind spot shown in the center of the four images,
different lensing systems than those used in the current
embodiments can allow for elimination of that spot. Since
there are electrodes disposed around the entire catheter, the
360 degree view allows the physician to visualize an entire
lesion that utilizes electrodes disposed around the catheter.
The visualization of the entire procedure including lesion
formation at any of the electrode locations is immensely
helpful to the physician.

[0126] The description herein of overlaying camera field
of views is related to the disclosure in U.S. Pub. No.
2012/0071870, in particular FIGS. 38H-38R, and the textual
descriptions thereof. One aspect of this disclosure is an
exemplary method of generating a panoramic image display
using images from a plurality of cameras attached to an
endoscopic catheter. In some embodiments a plurality of
images captured from a plurality of cameras are overlayed
with at least one other image to create the panoramic image
around the longitudinal axis of the ablation catheter. Two or
more cameras can image various sections of the expandable
member (from within the expandable member) and the
anatomy, and the geometric relationships between the cam-
eras are either known a priori (by design or measurement),
or can be estimated from the images themselves using
common anatomical features of the balloon as landmarks.
[0127] In general, for each camera, a mapping function
that maps a pixel into a virtual unwrapped display screen,
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e.g. a dome-shaped screen, surrounding the cameras is
computed. The images are then projected back to this virtual
display screen using inverse projection, i.e., using cameras
as projectors. Data in overlapping regions are combined
using compositing including blending or some other means.

[0128] FIG. 11 is a side view of a distal portion of an
exemplary visualization catheter. FIG. 11 shows the geom-
etry of the distal portion, which includes four cameras
attached to the distal end of the central shaft of the catheter,
surrounded by a membrane filled with saline. Each camera
is imaging a section of the closed membrane from within the
membrane. The conical shape shown in FIG. 11 represents
the field of view of one of the plurality of cameras. In this
embodiment, while not shown in FIG. 11, a plurality of radio
frequency electrodes are secured to the exterior of the
membrane. When the distal portion is positioned inside a
cardiac chamber such as the left atrium, the cameras are able
to visualize blood or tissue outside the balloon as well as the
inner surface of the balloon. This provides a way to verify
that the electrodes are in contact with tissue prior to starting
the ablation and the balloon is located properly relative to
anatomical landmarks such as a pulmonary vein.

[0129] FIGS. 12A-12D show the orientations of the axes
of the four cameras in relationship to the longitudinal axis of
the catheter shaft. Arrows AP, BQ, CR and DS shown in
FIG. 12C represent the axes of the respective cameras. OM
is the longitudinal axis of the catheter shaft. The parameter
“c” is the shortest distance between the axis of the catheter
shaft OM and an axis of a camera (see FIG. 12A). The
camera axis is also at an angle ¢ relative to the axis of the
catheter shaft OM (see FIG. 12B). The distal surface of the
membrane can be modeled as an elliptical solid of revolu-
tion, as shown in the side geometrical view of FIG. 12D.
Parameters a and b define the ellipsoid. The equator of the
ellipsoid, as labeled in FIG. 12D, is at a distance “d” from
the point “O” shown in FIG. 12D. The imaging plane of the
camera with the axis CR is at a distance e from C, as shown
in FIG. 12D.

[0130] FIG. 13 shows the geometry of one of the four
cameras field of view, and all four have the same geometry.
A pixel in the imaging plane, P(u, v), is related to a point
Q(x, v, z) in space by equations (1) and (2), where fis the
focal length of the camera.

o X O]
Jof-z
and
A @
fof-z

[0131] Furthermore, the image captured by the camera can

have lens barrel aberration. FIG. 14 shows a picture of a
regular grid pattern target taken by a representative camera.
As can be seen, barrel aberration causes the grid points
farther away from center 390 to appear smaller and com-
pressed to each other.

[0132] The mapping function that maps the original pixel
coordinates, P(u, v), to a distorted pixel coordinate system
due to barrel aberration, P(fi, ¥), can be determined by using
the grid target:
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[0133] The 3D surface of the ellipsoidal balloon can be
unwrapped into a 2D plane using the parameterization
shown in FIGS. 15A-15C. In FIG. 15A, the parameters of a
and b describe the balloon as an elliptical solid of revolution.
The parameter m corresponds to the arc length along the
balloon surface, starting from the zenith. In FIG. 15B the
rotation angle y describes the azimuthal angle of the solid of
revolution. In FIG. 15C, the unwrapped balloon surface is
defined by the parameters (m, v) in polar coordinates or (X,
¥) in rectilinear coordinates.

[0134] A point on the balloon surface can be: (x, y, z). A
planar unwrapped image can be constructed from the ellip-
soidal balloon geometry by unwrapping the balloon surface
as follows:

X asinfcosy
¥ | =| asinfsiny
Z

bcosy

)

[0135] Where:
0=g(m) (©)

and g(m) is the well-known “Complete Elliptic Integral of
the Second Kind.” The unwrapped 2D surface is defined by
the polar coordinates: (m, y) or in rectilinear coordinates, (X,
¥), where:

[0136] In summary, the parameters in Table 1 (below)
describe the camera geometry of this multi-camera system.
TABLE 1

Parameter Description
1 a Ellipscidal balloon geometry
2 b
3 c Distance offsets
4 d
5 e
6 f Focal length
7 ¢ Camera angulation
8 F Barrel aberration mapping function
G

[0137] Using the parameters of Table 1, the (X, ¥) coor-
dinates of the point on the unwrapped balloon corresponding
to each pixel in an image produced by a given camera can
be computed. Then the intensity of that pixel can be painted
on the unwrapped balloon surface. If more than one camera
projects data on to the same location on the unwrapped
balloon surface, the data can be combined using any number
of exemplary ways, such as blending, maximum value,
adaptive blending, alpha blending, weighted averaging, etc.
These techniques fall into the general category of “Com-
positing” as described in Foley et al., “Computer Graphics
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Principles and Practice”, 1990, Addison Wesley, 2nd Edi-
tion. ISBN 0-201-12110-7. In the overlapping areas of
images from two or more cameras, the underlying anatomi-
cal structure may be slightly misaligned even after following
the above steps to grossly align the image due to inaccura-
cies in the geometric model. In this case, a given tissue
structure may appear twice in the overlapping area, similar
to double vision. To address this problem, images can be
locally warped by using feature tracking. See U.S. Pat. No.
6,659,953, issued Dec. 9, 2003 to Sumanaweera et al., titled
“morphing diagnostic ultrasound images for perfusion
assessment,” for a description of an exemplary local warping
technique.

[0138] FIG. 16 shows a set of four camera images simu-
lated using a known pattern, in this case, ablation electrodes
601 painted on the membrane. Electrodes 601 can be in the
pattern of the eighteen electrodes shown in FIGS. 1A-1D.
Electrodes 601 also have an identifier associated with them,
in this case a unique alphanumeric character.

[0139] FIG. 17 shows the panoramic image generated by
projecting the images from FIG. 16 back onto the
unwrapped balloon surface using the methods described
above. FIG. 19 also illustrates exemplary electrode identi-
fiers in the form of numbers printed on each electrode to
enable visual identification of each of the electrodes. FIG. 19
also illustrates how the collected images comprise common
regions to images that are positioned adjacent to them, and
that the common regions are overlapped to create the
panoramic image.

[0140] In FIG. 18 the panoramic image is generated by
projecting the component images back onto the unwrapped
balloon surface, but the electrodes 370 do not have electrode
identifiers associated with them. FIG. 19 shows tissue
images acquired by four cameras using the methods
described above. FIG. 19 shows the panoramic image gen-
erated by projecting these images back onto the unwrapped
balloon using the present invention.

[0141] The exemplary method above acquires an image
from each of a plurality of cameras, and combines the
images to produce a panoramic image. As set forth above,
the images from each camera can be deformed using a
geometric transformation. The deforming can comprise
information associated with the known geometric relation-
ship between the cameras. The deforming procedure can
comprise geometric transformations generated using com-
positing in the overlapping areas of the images. The proce-
dure can comprise the use of weighted averaging. The
procedure comprises alpha blending. The deforming proce-
dure can comprise geometric transformations generated
using feature tracking in the overlapping areas of the images.
The characterization of the geometric relationship between
the cameras can comprise the use of experimentally deter-
mined optical targets. The geometric relationship can be
determined analytically by geometrically modeling the cam-
eras, the fixture containing the cameras and the balloon. The
geometric transformation can include geometric transforma-
tions that map the balloon onto a planar surface while
maintaining the distance between any arbitrary set of points
on the 3D surface.

[0142] Inan exemplary method of use, the catheter is used
to ablate cardiac tissue in the treatment of a cardiac arrhyth-
mia. The catheter is advanced into the left atrium using
known access procedures including guide wire and guide
catheter techniques. Inflation/irrigation fluid is then pumped
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from a fluid source down inflation/irrigation lumen 52 to
inflate the balloon to the configuration shown in FIGS.
1A-1C within the left atrium. The camera can be activated
at any time during the procedure, but generally before
inflation so the physician can see if there are any problems
with the inflation. At this point the balloon is surrounded by
blood, which can be seen. The catheter is advanced distally
towards the atrial wall, and as the balloon contacts tissue the
blood will be displaced, providing a clear view of the tissue.
The physician can then determine if the balloon needs to be
moved depending on the desired treatment tissue or desired
area to map. An advantage of the visualization system in the
devices herein is that the physician can easily see, simply by
viewing a display showing the camera field of views, when
the balloon is properly positioned. This also simplifies the
system in that an analysis of reflected energy need not be
performed, as in the case in some previous attempts at
cardiac ablation.

[0143] Once it has been determined, depending on the
visualization information such as proper placement around a
pulmonary vein or mapping electrical information, that the
balloon has been properly positioned at the treatment site, an
external console, generally shown in FIGS. 26 and 27, is
used to activate certain electrodes and control the energy
delivery parameters of the procedure. An RF generator
generates the RF energy and it is delivered to the electrodes.
An exemplary schematic of the electrical aspect of the
embodiment shown herein is shown in FIG. 24. It is under-
stood that eighteen channels are included while only three
are shown. Alternate embodiments, not shown, may com-
prise more or less channels. As shown in FIG. 24, the
mapping capabilities of the system are shown to the right of
the electrode. Bach electrode can be used in monopolar or
bipolar mode, and impedance and voltage can be measured
with each electrode.

[0144] The generator is configured such that electrodes
can be used to map tissue, ablate tissue, and stimulate tissue,
as desired. Ablation of cardiac tissue to treat aberrant signals
is described generally herein and known. The generator is
also configured, however, to generate and deliver electrical
tissue stimulation signals to the electrodes so that the
electrodes stimulate the cardiac tissue. The schematic in
FIG. 24 illustrates that each electrode can be selected for
either ablation or stimulation, while mapping from each
electrode occurs continuously. The mapping portion
includes filters configured to filter out ablation bandwidths,
and other non-essential bandwidths that may be delivered or
otherwise present so that mapping can occur continuously.
The disclosure herein thus includes a generator configured
such that each electrode can be used to both map and ablate
tissue at the same time, or stimulate and ablate tissue at the
same time. The system is also configured such that ablation,
stimulation, and mapping can all be occurring at the same
time, although the stimulation and ablation would not be
occurring at any given time from the same electrode. These
processes in addition can be performed sequentially.

[0145] Stimulation of the cardiac tissue can be done for a
number of reasons. In an exemplary embodiment stimula-
tion of tissue can be performed during a diagnostics proce-
dure to make sure the electrodes are working. For example,
RF energy can be delivered to a first electrode and sensed
with another electrode, thereby transferring energy between
pairs of electrodes to make sure the pair of electrodes is
working. In this exemplary use, the stimulating energy could
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be delivered before the balloon makes contact with tissue or
after it makes contact with tissue, as blood generally has low
enough impedance so as not to prevent the diagnostic test.
In an alternative embodiment cardiac tissue can be stimu-
lated while tissue is being ablated with other electrodes. For
example without limitation, three electrodes could be used
to deliver ablation energy to create a lesion between the
three electrodes (e.g., a linear ablation), while an electrode
on one side of the lesion could be used to deliver stimulating
energy to an electrode on another side of the lesion to
determine if the tissue is effectively ablated. Exemplary
tissue stimulation delivery signal capabilities include cur-
rents of 0 to 20 ma, pulse widths of 0 to 100 ms, repetition
rates of up to 300 bpm. More preferably 0 to 10 ma, 0 to 10
ms, and up to 180 bpm. Stimulating cardiac tissue in these
ways is different than mapping in that mapping measures
impedance, while stimulation delivers energy configured to
stimulate the cardiac tissue. The disclosure herein therefore
includes methods of stimulating cardiac tissue during an
ablation procedure, including before the actual ablation,
while ablating, or after the ablation has occurred.

[0146] FIGS. 22A-22C illustrate an exemplary method of
ablating atrial tissue around a pulmonary vein ostia to isolate
the pulmonary vein, and show it from the view generated by
the four field of views from the camera. FIGS. 22A-22C are
meant to be the view the physician would see when using the
system. Again, the blind spot in the middle can be removed
depending on the camera assembly and arrangement of
cameras therein. In FIG. 22A, the balloon has been advanced
into contact with atrial tissue surrounding ostia 1501 of the
pulmonary vein lumen 1502. None of the electrodes have
been activated in FIG. 22A, although mapping procedures
could also take place at this stage to assess the conduction
of the cardiac tissue. FIG. 22B show certain electrodes “A”
being activated and lesion regions 1503 starting to form in
the tissue after the electrodes are making contact and power
is applied. Electrodes designated “B” are not being activated
in this example. FIG. 22C shows continued ablation of tissue
and formation of lesion region 1504 that generally extends
around the pulmonary vein ostia.

[0147] FIGS. 23A-23C illustrate an exemplary method of
using the system herein to create lesion for treatment of a
rotor. FIG. 23 A shows the balloon advanced against cardiac
tissue other than an ostia region, where none of the elec-
trodes have been activated. FIG. 23B shows ouly electrodes
“A” being activated, and ablation lesions 1601 starting to
form where the electrodes are in contact with tissue and
activated. In this embodiment, electrodes A are the distal
most electrodes from each of the three flex circuits. FIG.
23C shows continued ablation and the formation of lesion
region 1604 targeted at a rotor. The blind spot in the middle
hides that the lesion extends over tissue that can’t be seen.
In alternative embodiments of use, more than three elec-
trodes can be used to perform a rotor ablation, such as four
or electrodes.

[0148] One aspect of the disclosure is a method of super-
imposing an image or images provided by the camera with
information or an image that is an indication of at least one
of a characteristic of the cardiac tissue and a characteristic
of the ablation catheter. The superimposed images (or super-
imposed information and image) are presented to the phy-
sician in a visual display, such as a monitor, and can be part
of a remote user interface. The aspect includes methods and
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systems adapted to superimpose images. The methods and
devices herein are also adapted to obtain the information and
superimpose the images.

[0149] The information that is being superimposed can be
any suitable visual indicator of a characteristic of the cardiac
tissue or a characteristic of the ablation catheter.

[0150] Insome embodiments the information that is super-
imposed onto the image from the cameras is the electrical
activity on the cardiac tissue contacting the expandable
member.

[0151] Insome embodiments the information that is super-
imposed onto the image from the cameras is the localized
impedance of the ablation circuit.

[0152] Insome embodiments the information that is super-
imposed onto the image from the cameras is the temperature
of the cardiac tissue opposed to the balloon.

[0153] In some embodiments the camera comprising
CMOS cameras are adapted to be responsive to light in the
infrared range. The response can be used to estimate the
temperature of the tissue before, during and or after ablation.
The response can be interpreted by an algorithm and dis-
played superimposed to the visual light image from the
cameras.

[0154] Insome embodiments an accelerometer is placed at
a location in, on or near the ablation balloon. The acceler-
ometer can be used to detect the orientation of the balloon
in relation to gravity. The accelerometer can produce accel-
eration data that is used to determine the accelerometer
position in relation to an initial position. The position can be
used to construct a database of locations visited by the
balloon and/or information collected by the electrodes on the
balloon and/or RF power applied to the balloon electrodes.
The collection of information can be used to reconstruct a
model to provide guidance to the physician in relation to the
locations that are treated and locations that need to be
treated.

[0155] FIG. 29 illustrates exemplary information and indi-
cators that can be superimposed on the images from the
cameras. Indicators 402 and 404 are examples of way to
convey temperature of the tissue adjacent an electrode. For
example, indicator 402 is a series of lines indicating quali-
tatively the temperature, such as “medium.” Indicator 404 is
a series of intersection lines and can indicate “high” tem-
perature. Any type of visual indicators can thus be used to
indicate the qualitative temperature of one or more tissue
regions adjacent any of the electrodes.

[0156] Superimposed information 406 provides a qualita-
tive indication of tissue temperature, in this example, 99
degrees. Information 406 is next to the image of the elec-
trode, whereas information 408 is information that is on the
electrode image. Indicator 410 is a red color superimposed
on top of the electrode, providing a qualitative indication of
“hot.” Information 414 and 416 are superimposed to indicate
that the respective electrodes are “on” and “off.”

[0157] In some embodiments the superimposed informa-
tion is all the same type of information. For example, each
electrode can, at the same time, be superimposed with
information indicating the temperature of tissue. In other
embodiments, the type of superimposed information can be
different for any of the electrodes.

[0158] Additional examples of the type of information that
can be superimposed include electrical impedance, which
can be visualized quantitatively or qualitatively using any of
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the indicators herein (e.g., color, numbers). Additionally,
mapping signals can be superimposed on the camera images
as well.

[0159] FIG. 30 represents an exemplary flexible circuit for
application to the outer surface of a balloon, with a thin
polyimide substrate 101 approximately 0.002-0.003" thick
and a total structural thickness between 0.004-0.006".
[0160] The outline is that of the final ablation pads 102
(only the large square and the triangle). Apertures 103 are for
saline flow. Circuit traces 104 terminate in exposed areas on
the ablation pads. Conductive silver paint is used to create
the ablation pad geometry and the exposed trace provides
conductivity.

[0161] Alternately, a black adhesive may be used to
darken the areas under silver painted ablation pads 102 to
prevent reflections inside the balloon, as is described herein.
One method of employing polyimide substrate 101 can
eliminate the black adhesive providing a thinner and more
compliant mounting surface.

[0162] A dielectric area 105 is provided to prevent cross
talk and conductivity to the blood or other medium. The
proximal side of the flex circuit has two small solder pads
106 where the wires are attached.

[0163] An assembled flexible circuit as represented in
FIG. 30 can be affixed to balloon 201 as shown in FIG. 40,
such balloon being located around a central stem 202, and
such stem having a system to capture the image of the
internal surface of the balloon (not shown) and transmit such
image to a display outside the patient. An optional long
protrusion 203 distal to the triangle pad which wraps around
the front of the balloon to create a physical anchor for the
circuit.

[0164] Additionally an accelerometer 204 is placed at a
location in, on or near the ablation balloon, such acceler-
ometer can be used to detect the orientation of the balloon
in relation to gravity and to construct treatment relevant data
sets as described herein.

[0165] When the physician moves the catheters as
described herein, more specifically, when the physician
rotates the system around the longitudinal axis of the cath-
eter, the image display will show the internal surface of the
balloon fixed and everything outside the balloon (e.g.,
cardiac tissue) moving. This is due to the fact that the
cameras, in the embodiments herein, are fixed in relation to
the catheter and balloon system.

[0166] FIGS. 32A and 32B illustrate a composite view as
described herein from a four camera array as presented to the
user on a display. The images are mapped to a composite
image representing the arrangement and orientation of cam-
eras carried by the balloon on the shaft within the balloon.
The mapping registration relies on mapping common fea-
tures within each camera field of view over each other where
there are common features within two or more images. As
illustrated, one electrode, the orientation registration elec-
trode, is identifiable by a marking in the shape of an asterisk
(as shown) which has been printed on the balloon prior to the
electrode and is visible to the camera. In other embodiments
each electrode may be marked with its own unique identifier
or some or all electrodes may have different shapes which
help to identify them. The common fixed features (relative
to the cameras) include traces, electrodes and other fixed
markings. FIG. 32A illustrates an initial image taken just
after burns 502 and 504 created by electrodes 514 and 510
respectively. The balloon is centered around a pulmonary
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vein 506. FIG. 32B illustrates a second image captured by
the camera array after the balloon is rotated. Each composite
image has been processed such that the fixed features
(relative to the cameras) are mapped to the user display in a
fashion such that the registration mark (and hence the entire
image) is rotated an amount equal and opposite to the
rotation measured for the center of mass of one or more of
the anatomical features around the center of the composite
image such as burns 502 or 504. By so doing the image of
the fixed features will rotate while the portion of the image
behind the fixed features will remain fixed as the balloon is
manipulated.

[0167] Disclosed here therefore is a system to, through
image processing, show the internal surface of the balloon
rotating while maintaining still, or fixed, the image of
everything outside the balloon (e.g., tissue). In this manner,
the image of everything that is not part of the catheter will
remain fixed, and everything that is part of the catheter will
be shown in the video to rotate. In this alternate embodi-
ment, the image that the user views shows the fixed features
(e.g., electrodes) being rotated while anatomical features
remain still. The anatomical features are the non-fixed
features or non-balloon related features in the tissue such as,
represented in this view, the pulmonary vein, and the images
of burns created by ablation. This is accomplished even
though the fixed features move as the camera moves. Keep-
ing the tissue fixed for the user, and having the device
components move allows the physician to better control the
movement of the device relative to the tissue. To facilitate
this procedure the mean rotation of the center of mass of one
or more of the key anatomical feature are calculated relative
to the location of the fixed features. The mean or other
suitable representation of the rotation(s) is then used to
rotate the composite image as presented on the user display.
[0168] FIG. 28 illustrates an exemplary block diagram of
a cardiac ablation system, details of which are described
herein. Any of the system components in FIG. 29 can be
incorporated and used with any of the individual compo-
nents described herein.

[0169] The number and arrangement of the electrodes
disposed on the expandable member, each of which is
individually addressable and can be used to deliver energy
in either monopolar or bipolar mode, provides for a wide
variety of lesion formations without having to remove and
insert a separate RF catheter. The exemplary methods shown
in FIGS. 22A-C and 23A-C are merely exemplary. Linear
lesions and arc lesions are additional examples of lesion
shapes that can be created depending on the desired ablation
procedure. In the specific example provided herein, there are
eighteen individually addressable electrodes disposed on
substantially the distal portion of expandable member 10.
Any of them can be energized while others are not, allowing
for many different lesion formations to be made in cardiac
or other tissue for treating cardiac arrhythmias. Any of the
electrodes can be used in bipolar mode with any other
electrode as well. Depth and width of lesions may be
controlled by choosing and/or varying what combination of
electrodes are being used in bipolar and monopolar configu-
rations. Monopolar configuration creates deeper, narrower
lesions, and bipolar configuration creates shallower, wider
lesions.

[0170] One of the advantages of the devices herein is that
the number and arrangement of electrodes allow for a wide
variety of lesion formations without removing and inserting
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a new catheter. And the visualization system allows for the
entire procedure to be visualized.

[0171] FIG. 7 illustrates the distal end of the device
incorporating a slideable sheathing tool 100 comprising
sheathing tube 102. In use, balloon 12 is collapsed as
previously described and then the sheathing tool is slid over
the collapsed balloon. The sheathing tube 102 is then fit into
the delivery catheter, not shown. The sheathing fixture is
then removed, leaving the collapsed balloon within the
deliver catheter ready for advancement to the delivery site.
[0172] One aspect of the disclosure is a delivery catheter
comprising concentric sheaths as a steering mechanism with
a mapping system built into the distal tip, where a mapping
basket resides during delivery in the space between the two
concentric shafts and on delivery is pushed forward out into
the heart chamber. Examples of deployable mapping baskets
are described above. An ablation catheter may then be
delivered through the delivery catheter with the mapping
basket in place. Target locations for ablation can then be
identified using the electrodes on the mapping basket and
target locations are then ablated with the ablation catheter.
The location of the ablation catheter may in addition be
identified and verified by the mapping basket.

[0173] One aspect of the disclosure is an ablation catheter
that includes an electrode structure that is about 1 cm to
about 5 cm in diameter and resides on the end of an inflatable
or expandable structure and may comprise any of the
following: an ablation catheter with a balloon carrying
multiple electrodes. In some embodiments the multiple
electrodes are used alternatively as a single ablation elec-
trode then as a set of individual impedance sensing elec-
trodes capable of monitoring the inter electrode impedance.
Such measurements are useful in characterizing the efficacy
of the burn resulting from the ablation and/or mapping the
ablated are before or after the burn. In some embodiments
contact pressure sensitive electrodes may be incorporated as
a means of verifying appropriate contact of the electrode to
the cardiac tissue. In many embodiments irrigation is pro-
vided as described elsewhere herein, wherein the irrigation
system incorporates a pressure sensor. In such embodiments
contact pressure may be inferred from changes in pressure
within the irrigation system associated with increasing the
outflow resistance at the irrigation outflow ports press
against tissue. In other embodiments a balloon within a
balloon configuration is used such that irrigation pressure
may be isolated from inflation pressure. The change in
pressure within the inflation system then is directly corre-
lated to the contact pressure. In another alternative cooling
may be provided by recirculation within the balloon as
opposed to irrigation.

[0174] In some embodiments the contact pressure of an
electrode is measured by impedance matching. An alternate
means of characterizing the quality of lesions is to measure
changes in acoustic impedance in the ultrasonic pass band.
The acoustic impedance will be changed from that of normal
tissue both as a function of temperature and denaturation. In
such an embodiment a forward looking US transponder can
be incorporated in the balloon or on the surface of the
balloon. Such a sensor may be embodied as an array of one
or more transponders, an array of one or more transmitters
and an array of one or more receivers, or a single transpon-
der.

[0175] In an alternate embodiment temperature of the
lesion may be monitored by microwave radiometry.
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[0176] FIGS. 33 and 34 illustrate an exemplary embodi-
ment of an ablation catheter wherein the balloon is config-
ured for contact (physical) measurements. Contact pressure
of the balloon and therefore electrodes as characterized by
variations in the internal balloon pressure resulting from
irrigation holes in the balloon which pass through electrodes
being occluded as the electrode is pressed against the tissue.
Pressure will increase transiently as the balloon is pressed
against the tissue and then reach a new equilibrium associ-
ated with any decrease in outflow resistance associated with
the occlusion or partial occlusion of irrigation ports. This
contact pressure can be mapped by previous experiments to
an electrode contact surface area.

[0177] A visual contact monitor comprised of a camera
within the expandable structure monitors contact as a change
in the visual appearance of transparent windows in the
balloon. The changes in visual appearance result from
differences in the appearance of blood and tissue.

[0178] Contact monitoring may be used control power
delivery. Measurements of electrode contact obtained by any
of the means described herein can be used to mediate the
amount of power delivered to an electrode. One control
algorithm limits power to an electrode such that the power
per area of contact surface is maintained at a constant level.
[0179] FIG. 33 illustrates a prototype balloon configured
for contact measurement. Balloon 714 is affixed to the end
of shaft 711. Strain gages 713 is affixed to shaft 711 and
leads 712 which are interfaced with a strain gage amplifier
not shown. There are two additional strain gages affixed to
the shaft at plus and minus 120 degrees. FIG. 34 is a
representation of a similar device in which all three strain
gages are configured in strain gage assemble 755 on shaft
751 which comprises the leads to the strain gage assembly.
Balloon 754 comprises electrodes 756. In alternate embodi-
ments the pressure of enclosed volumes of fluids or gels
arranged in cells near the proximal attachment of the balloon
may be monitored via one or more pressure sensors. In yet
other embodiments the strain gages may be replaced with
displacement sensors. As indicated above measurements
from such sensing systems can be mapped to an estimate of
electrode contact surface. The balloon of FIG. 33 is 2 cm in
diameter and that of FIG. 34 may be 1 to 3 cm in diameter.
The configuration of electrodes on the device of FIG. 34
comprises eight electrodes. Such a small profile allows small
delivery size and precise maneuverability. Such a system is
compatible with a single RF generator and may comprise an
irrigation system, not shown, to minimize unwanted injury.
[0180] The use of RF ablation in the treatment of atrial
fibrillation as described herein poses the risk of thermal
damage to the esophagus. This disclosure includes systems
and methods to measure temperature of the esophageal wall
during RF ablation. In some embodiments a balloon is
placed in the esophagus and inflated to make contact with
the esophageal wall. A pattern of temperature sensitive
material deposited on the balloon measures the temperature
change induced by RF ablation. An electronic circuit senses
the temperature change to alert the operator.

[0181] A thermistor is a type of resistor whose resistance
changes with temperature. A negative temperature thermis-
tor (NTC) resistance decreases with temperature due to
increased mobility of electrons and subsequent increased
ability to conduct current. Commercial NTC thermistors are
fabricated from common metal oxides of manganese, nickel,
cobalt, iron, copper and titanium using basic ceramics
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technology. In the basic process, a mixture of a metal oxide
powder and suitable binder are sintered in a suitable atmo-
sphere and configuration to achieve the desired temperature
coeflicient characteristics.

[0182] Initial NTC thermistors were fabricated using sil-
ver sulfide (Ag2S) powder. More recently, miniaturized,
planar silver ion-specific electrodes based on silver sulfide
have been fabricated entirely by screen-printing using low-
temperature curing polymer pastes and polyester substrates
in the form of flexible foils (Sensors and Actuators B 96,
2003, 482-488). Ostensibly, in addition to sensing silver
ions, such constructions may also be sensitive to tempera-
ture.

[0183] A pattern of temperature-sensitive material is
deposited on a flexible balloon which is sized to occlude the
esophagus. The pattern includes two flexible thermistors
(flextors). The two flextors are used in a battery-powered
Wheatstone bridge electrical circuit to measure the differ-
ential temperature of the two flextors. When placed in the
esophagus, the differential temperature induced by RF heat-
ing is sensed. If a temperature differential exceeds a limit,
the circuit alerts the operator to modify the RF ablation
treatment.

[0184] The expandable member, which in some embodi-
ments can be an electrode assembly, can be sheathed using
a sheathing fixture 103 and introduced into a sheath that is
placed at the appropriate entry point, the femoral vein for
example (see FIGS. 35A-35C). The sheathing fixture 103
can be a block with a predefined internal diameter for the
electrode assembly 105. The fixture 103 can be manufac-
tured as two halves that are slidable and interlockable to
each other as shown in FIG. 35A. A sheathing tube 104 can
be used in conjunction with the sheathing fixture 103 in that
the tube 104 can slide into the sheathing fixture 103 until it
reaches a hard stop as shown in FIG. 35B and 35C. The inner
diameter of the tube 104 can match that of the fixture 103.
To sheath the ablation assembly 105, the catheter can be
placed within the sheathing fixture 103 such that the assem-
bly 105 is outside of the fixture 103 at one end as shown in
FIG. 36A. The shaft 57 can also be placed with the two
halves of the sheathing fixture 103 still separated. The
assembly 105 can be pulled into the inner portion of the
sheathing fixture 103. The tube 104 can be inserted into the
fixture 103 until it reaches a hard stop. The shaft 57 and the
electrode assembly 105 can be pushed into the tube 104 and
seated within the tube 104. Once the assembly 105 and shaft
57 are securely sheathed into the tube 104, the fixture 103
can be removed from the assembly 105 by separating the
two halves of the sheathing fixture 103. The sheathing tube
104 can be used to introduce the assembly 105 into a sheath
that is placed to reach the desired target tissue. The assembly
105 is then pushed out of the sheathing tube 104 and travels
within the introducer to reach the target site. The sheathing
tube 104 remains proximal to the assembly and does not
travel within the introducer sheath, not shown.

[0185] An alternate way of sheathing prior to introduction
to the introducer is illustrated in FIGS. 36F-36H. The three
primary stages of this process are represented in FIGS.
36F-36H and are described as follows. In this embodiment
an alternate sheathing tube 104 is mounted on the outer shaft
57 at the time of manufacture as shown in FIG. 36F. The
sheathing tube 104 and assembly 105 are moved relative to
one another such that assembly 105 is collapsed by alternate
sheathing tube 104 as indicated in FIG. 36G. As the relative
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motions are continued electrode assembly 105 is captured
and contained within the alternate sheathing tube as shown
in FIG. 36H. The alternate sheathing tube 104 and electrode
assembly 105 are then introduced through an introducer
valve 126 into the introducer sheath 127. Sheathing tube 104
may be a short section which interfaces with the proximal
section of outer shaft 57, or may be close to the entire length
of the outer shaft 57 such that it can be operated from the
handle and can be used while the electrode assembly 105 is
resident in within the luminal system under treatment.

[0186] Inyetanother embodiment a sheathing tube may or
may not be required. This embodiment is represented in
FIGS. 361-36K. In this embodiment the inner shaft 134 and
the outer shaft 57 are moved relative to one another such that
the electrode assembly 105 is shifted from its expanded
configuration to a delivery configuration as indicated in the
transition pictured from 361-36J. As illustrated in FIG. 36K,
electrode assembly 105 is shifted into introducer sheath 127
through introducer valve 126 and the device is ready for
transport to the treatment site. Alternately, the device in the
configuration of FIG. 36] may be delivered with a sheathing
tube such as those described herein.

[0187] The assembly 105 can be delivered to the left
atrium and the membrane expanded and placed at the antrum
of one of the pulmonary veins. The overall shape of the
membrane can be visualized using the electrodes themselves
as the conductive metallic material of the electrodes can
provide visualization under fluoroscopy. The radiopaque
markers can be used to determine exact location of each
electrode based on the marker orientation. The mapping
electrodes can be used to measure initial electrical signals
and can later confirm electrical conduction block post abla-
tion. The user can select which electrodes to turn on, which
ones to leave off, and which ones to set to a higher or lower
power setting based on their contact with the tissue. The
various methods of contact detection as described above, or
a fiber optic, can be used to confirm contact of the electrodes
with the tissue. The device is then set to the appropriate
power and temperature settings, irrigation turned on to the
desired level, and energy transmission initiated. The map-
ping electrodes can be used now to determine successful
conduction block. Once conduction block is achieved, the
catheter and moved over to the next target location, another
pulmonary vein or atrial wall, for ablation.

[0188] In FIGS. 37A-37C, 38A and 38B are illustrated
various configurations by which catheter shafts may be
interfaced to the expandable membranes 34 associated with
the electrode assembly 105. FIG. 37A and detailed views in
FIGS. 37B and 37C illustrate how the outer diameter (OD)
of an inner shaft 134 and an outer shaft 57 may be interfaced
to the various surfaces of an expandable member 34. FIG.
378 illustrates an expanded view of an interface in which the
outer surface 135 of the expandable membrane 34 is inter-
faced to the OD of the inner shaft 134 and the inner surface
136 of the expandable membrane 34 is interfaced with the
OD of outer shaft 57. In FIG. 37C, the interface to the outer
shaft remains the same as that illustrated in FIG. 37B, but the
inner surface of expandable membrane 34 is interfaced with
the OD of inner shaft 134. Although not shown, a single
shaft may also be used to interface with the distal and
proximal interfaces of the expandable membrane 34. In this
embodiment, a spacer can be used at the distal end. Alter-
natively, both interfaces on the expandable structure can be
fabricated at the same inner diameter (ID).
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[0189] FIG. 38A and 38B illustrate the interface of FIG.
37B where the expandable member portion of the interface
incorporates a thickened section 35. FIGS. 39A and 39B
illustrate the interface of FIG. 37C where the expandable
member portion of the interface incorporates a thickened
section 35 and additional structure associated with the
electrode assembly 105 are also incorporated. The interface
of FIGS. 39A-39C has particular advantage when presenting
electrodes on the distal surface of the electrode assembly
105 as all portions of the shaft to which the expandable
member 34 is interfaced reside proximal to the distal end of
the shafts on inflation or a portion of the expandable member
34 is substantially distal to the distal end of the assembly or
the distal end of the shaft.

[0190] Cooling procedures, either by direct irrigation at or
near the electrodes or circulating cooling fluids through the
expandable structure, are especially useful when the target
tissue is not at the surface to which the electrodes are in
closest proximity, but deeper into the adjoining tissue.
Cooling the expandable structure or the irrigation fluid can
allow for higher energy delivery while protecting the tissue
near or in contact with the expandable structure while still
allowing damage to tissue further away from the electrode.
One such embodiment which allows for irrigation is shown
in FIG. 39A. The membrane 34 is attached to the outer shaft
57 at the proximal end and to inner shaft 134 at the distal
end, the inner shaft 134 being of a smaller diameter than the
shaft 57 allows for passage of saline 30 in between the two
shafts. The ends of the membrane may be thickened sections
35. In this particular embodiment, the flex circuit 89 is
affixed to the inner catheter 134 and the distal branches of
the flex circuit 87 are affixed to the membrane 34. Passage
of saline 30 or other irrigation fluid is allowed as the flex
circuit is slotted in the transition region. A close-up of the
construction of FIG. 39A is shown in FIG. 39B. The distal
branches of the flex circuit 87 are attached to the outside of
the membrane 34, so the transition from the attachment to
the inner shaft 134 to attachment to the outer shaft 57 occurs
at or near the membrane junction. This transition section will
also contain the slotted features for saline passage. The
membrane at this attachment point is not attached to the
inner shaft 134 which allows the space necessary for saline
30 to flow through into the membrane and provide a cooling
mechanism.

[0191] FIG. 39C shows an alternate embodiment which
can be used both for the irrigation and for recirculation of a
cooling fluid. This embodiment expands on the previously
described embodiment in FIGS. 39A and 39B, by incorpo-
rating an inner shaft 134 with two lumens, one of which is
used as a return for the cooling fluid. The membrane is
inflated with saline 30 via the inflation lumen 36 and, saline
30 exits via the opening into the flow return lumen of the
inner shaft 134. The other lumen in the inner shaft 134 is
used as guide wire lumen 133. Inner shaft 134 and the
guidewire lumen 133 may be separate entities of a multi-
lumen catheter. Irrigation may also be incorporated with a
circulating fluid cooling system by additional saline exit
holes at the membrane as previously disclosed.

[0192] FIGS. 40A, 40B, and 40C illustrate an exemplary
embodiment of an energy delivery device 1000, which
includes endovascular diagnostic and/or interventional tool
120, catheter 100 adapted and configured to be steered in
steerable section 111, and external device 200 configured
and adapted to be manipulated by a user to control at least
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one aspect of catheter 100 and/or tool 120. FIG. 40A shows
the entire device 1000 (the visible components of it) from
the proximal end to the distal end. FIG. 40B illustrates a
distal region of device 1000. FIG. 40B shows a cutaway of
tool 120 to better show visualization system 400 therein.
FIG. 40C illustrates a perspective view of the distal region.

[0193] In this embodiment, tool 120 is similar in some
ways to the other expandable members described herein.
Tool 120 includes an expandable balloon 125, one or more
flexible circuits 123 carried by balloon 125, and a plurality
of electrodes 124p and 124d carried directly or indirectly by
balloon 125. Electrodes 124d and electrodes 124p include
longitudinally aligned distal electrodes 124d and longitudi-
nally aligned proximal electrodes 124p. Longitudinally (or
axially) aligned as used herein means that at least two things
have distal ends that in are disposed in a plane and proximal
ends that are disposed in a plane, the planes orthogonal to a
longitudinal axis of the device. In other embodiments, only
one of the distal ends and proximal ends may be disposed in
a plane. In the embodiment in FIGS. 40A and 40B, elec-
trodes 124p have distal ends in plane DE, and proximal ends
in plane PE. Tool 120, in the side view of FIG. 40B, a
location “M” with the greatest linear dimension Y between
outer surfaces of tool 120, the linear dimension measured
orthogonal to the longitudinal axis of the device. For
example, for a perfectly spherical tool, the location with the
greatest linear dimension would be the equator of the sphere.
The proximal electrodes 124p are disposed external to the
surface of the balloon, and extend over the location M.
Proximal electrodes 124p extend further distal to and proxi-
mal to the location M. Proximal electrodes 124p are thus
considered to be disposed on both the proximal and distal
portions of the tool 120. In this embodiment the proximal
ends of electrodes 124p extend as far proximally from
location M as distal ends of electrodes 124p extend distally
from location M. Positioning at least some of the electrodes
at this location can allow the tool to map and/or ablate tissue
located further from the distal end of the tool than other
embodiments herein. In this embodiment, electrodes 124p
are symmetrical about location M. Proximal electrodes 124p
have lengths (measured in the anterior-to-posterior direc-
tion) that are greater than their widths (widths being mea-
sured orthogonal to the longitudinal axis), wherein the
length and width are measured when the electrodes are flat
in a plane. The lengths can be at least twice as long as the
widths, such as between two and four times as long as the
widths. Proximal electrodes 124p have lengths that are at
least twice as long (measured in the anterior-to-posterior
direction) than the distal electrode, with the dimensions
measured when the electrodes are flat in a plane. Distal
electrodes 1244 are generally distally facing in that they face
further distally than radially outward. Proximal electrodes
124p are considered to be facing radially outward. Any of
the disclosure above with respect to flexible circuit con-
struction and components can be incorporated into this and
any other embodiment herein.

[0194] In the embodiment in FIG. 40B (and optionally in
FIG. 48 as well), the lengths of the rectangular proximal
electrodes can be, in some embodiments, from 0.6 cm to 9
cm, such as 0.65 cm to 0.85 c¢m, such as 0.75 cm. The widths
of the rectangular proximal electrodes can be, in some
embodiments, from 0.25 ¢m to 0.45 cm, such as 0.3 ¢m to
0.4 cm, such as 0.35 cm. The lengths of the triangular distal
electrodes can be, in some embodiments (when measured in
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the flat configuration of FIG. 48), from 0.6 cm to 0.7 cm,
such as 0.65 cm. The widths of the triangular distal elec-
trodes can be, in some embodiments (when measured in the
flat configuration of FIG. 48), from 0.6 cm to 0.8 cm, such
as 0.7 cm. For the triangular distal electrodes, the lengths of
facing edges of the electrodes (the parallel edges) can be, in
some embodiments from 0.35 cm to 0.55 cm, such as 0.43
cm.

[0195] FIG. 40C also illustrates how some flex circuit
arms of tool 120 can include a plurality of sensing electrodes
419. Sensing electrodes 419 are disposed on alternating flex
circuit arms around the balloon. In this embodiment sensing
electrodes 419 are disposed on arms with only one ablation
electrode (one of electrodes 124p), and are both distal to the
ablation electrode. Mapping electrodes 419 are generally
disposed between two adjacent distal electrodes 1244d. In
this embodiment, the flex circuit arms that include two
ablation electrodes do not have any sensing electrodes,
although in some uses electrodes 124p and/or 1244 can be
used as sensing electrodes. Sensing electrodes 419 are
distally, or front, facing, which allows them to be more
easily pushed up against tissue.

[0196] Tool 120 also includes a plurality of irrigation
apertures 122, which in this embodiment extend through the
electrodes and the balloon. In this embodiment, each elec-
trode has an irrigation aperture 122 therethrough.

[0197] Insome embodiments the greatest radial dimension
“Y” (see FIG. 40B) of the tool 120 when expanded is from
0.5 to 3 inches, such as 0.5 to 2 inches, such as 0.5 to 1.5
inches, such as about 1 inch. In some embodiments the
deployed axial length “X” of the tool 120 when expanded is
from 0.25 to 2 inches, such as 0.25 to 1.5 inches, such as
0.251t0 1 inches, such as about 0.75 inches. Device 1000 also
includes visualization system 400, at least a portion of which
is disposed within the balloon. Visualization system 400 is
identified within the balloon in FIG. 40B, and is shown by
itself in FIGS. 41A-41D. Visualization system 400 includes
a camera system 410, which includes distal camera subas-
sembly 413 axially spaced apart from proximal camera
subassembly 414 by axial distance 416. Each of the two
camera subassemblies 413 and 414 include two lens assem-
blies (411) and sensors (412). Within each camera subas-
sembly, each lens assembly is 180 degrees from the other
lens assembly. The lens assemblies in each camera subas-
sembly are 90 degrees from the lens assemblies in the other
camera subassembly.

[0198] In a side view, the pairs of lenses in each subas-
sembly 413 and 414 are axially aligned (in planes normal to
the orthogonal to the longitudinal axis). The lenses in
different subassemblies are axially spaced at fixed distances.

[0199] Visualization system 400 also includes housing
415, which houses the components of the camera system
410. Housing 415 can be machined and/or molded, for
example, and the other components (e.g., lenses and sensors)
can then be secured to housing 415.

[0200] Visualization system 400 also includes illumina-
tion assembly 420, which is disposed proximal to the camera
system 410. The illumination assembly 420 includes a
plurality of light sources (e.g., LEDs) 421 (only one light
source is labeled for clarity) disposed around the illumina-
tion assembly 420. In some embodiments lighting flex
circuit 423, which carries the electronics for the lighting
assembly 420, is secured to the illumination assembly 420,
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as shown. Illumination assembly 420 is disposed such that
light from the light sources is emitted at diffuser 430, as is
described above.

[0201] Visualization system 400 also includes optional
temperature sensor 422.

[0202] Housing 415 includes lumen 417 extending there-
through, through which guidewire lumen 234 (see FIG. 40B)
extends. The proximal end of visualization system 400 is
secured to a shaft of the device.

[0203] FIGS. 42A-42D illustrate fields of view as conical
volumes truncated at the surface of balloon 125 for the four
different cameras, each of which has a lens. FIG. 42A is a
distal end view showing field of views FOV1-4 of the four
different lenses, with the region 432 showing the field of
views merged into a large field of view. FIG. 42B is a
perspective view of FIG. 42A. The region 432 is the portion
of the balloon within the field of views. The field of views
do not include region 430 at the distal end of the balloon,
through which the guidewire lumen passes. Region 430 can
also be seen in FIG. 42A, which is somewhat rectangular
because two lenses are axially spaced from the other two
lenses. FIG. 42B illustrates overlap regions 433 in which
adjacent fields of view overlap, which allows for a continu-
ous 360 degree image to be obtained by integrating adjacent
fields of view.

[0204] FIGS. 42C and 42D are side views showing the
four fields of view.

[0205] The energy delivery device also includes external
device 200 that can be in the form of a handle. In this
embodiment in FIGS. 40A and 40B, device 200 includes an
actuator 231 that is adapted to control deployment and/or
sheathing of the expandable member. In this embodiment
actuator 231 (see FIGS. 43 and 44) is adapted to move
guidewire lumen 234 axially (forward and backwards) rela-
tive to the outer catheter structure 110. Because the distal
end of the balloon is secured to (either directly or indirectly)
the guidewire lumen, movement of the guidewire lumen (via
actuator 231) moves the distal end of the balloon. Actuator
231 is also an example of an external actuator that can
control movement of the guidewire lumen (and thus the
balloons).

[0206] Actuator 231 can include an expandable member
control grip 232, a slider 233 riding on one or more slides
235, the slider affixed to a guide wire lumen 234 (see FIG.
44). The external device also includes a hemostatic valve
carried at its proximal end 236. In some embodiments the
energy delivery device also comprises an irrigant supply
system 240 comprising irrigation supply line 241, an irrigant
manifold 242, a manifold comprising a guide wire lumen
seal 243 through which a guide wire lumen passes.

[0207] The energy delivery device can also include an
electrical interface 250 (see FIG. 40A) comprising at least an
external interface to all cabling/wiring required to operate
the on board electrical components.

[0208] In some embodiments the energy delivery device
has the following characteristics: effective length: 70 cm; the
steerable section a deflection angle: 0-120 deg, or =60 to
+60; max actuation displacement: 30 mm; a maxinum
length change when steering is fully actuated: ~3 mm.
[0209] FIGS. 45A-C illustrate an alternative handle 370
coupled to catheter and tool 380. FIG. 45B shows handle
370 with one half of the handle housing removed. Handle
370 includes actuator 371 that can be used to steer the
steerable catheter as set forth above. Balloon deployment
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control 373 is in operable communication with the guide-
wire lumen. Movement of balloon deployment control 373
distally and proximally moves the guidewire lumen. Handle
also includes steering indicator window 372, which allows
a user to see a component inside the handle that indicates to
what degree the catheter has been steered by actuating
actuator 371.

[0210] FIG. 45C illustrates balloon deployment control
373 interfaced to guidewire lumen 391, which in turn is used
to control the deployment and sheathing of the balloon. The
mechanism comprises user interface slider 392, to be actu-
ated by the user, which has three separate locking positions.
The locking positions 393A, 393B, and 393C correspond to
balloon full deployed, balloon partially deployed, and bal-
loon configured for sheathing. The user interface slider 392
is in turn interfaced with the proximal portion of the guide-
wire lumen 391, the distal end of which is (directly or
indirectly) attached to the distal end of the balloon. Position
393A is when slider 392 is pulled all the way back, which
is when the guidewire lumen, and thus the distal end of the
balloon will be in the most proximal position. Adjuster 394
is used at the time of manufacture to set a desired distance
between positions 393B and 393C, corresponding to a
desired length of the balloon when fully deployed/expanded.

[0211] FIG. 46 shows a planar configuration of exemplary
flexible circuit and electrode assembly 520, which is an
example of a flexible circuit/electrode assembly that may be
positioned on the balloon structure in FIGS. 40A and 40B.
While in some manufacturing processes the electrodes are
applied after the flexible circuit has already been applied to
the balloon, the electrodes and the flexible circuit may be
shown together herein in planar configurations without the
balloon for clarity and to illustrate relative positions of
components more easily. Assembly 520 includes flexible
circuit 522 and a plurality of electrodes 524 that are disposed
over at least a portion of flexible circuit 522. Flexible circuit
522 includes a plurality of elongate members, or arms, 523
(twelve are shown) secured together, optionally integrally, at
a distal hub. Each of the elongate members 523 alone can
also be considered a flexible circuit as that term is used
herein. Plurality of electrodes 524 (which may be referred to
herein as ablation electrodes) include a plurality of proximal
electrodes 525 in an annular configuration and a plurality of
distal electrodes 526 in an annular configuration. Twelve
proximal electrodes 525 and six distal electrodes 526 are
shown. The proximal and distal electrodes can be positioned
on the balloon as is shown in FIGS. 40A and 40B, and
aspects of the embodiment in FIGS. 40A and 40B can
similarly be incorporated into the assembly 520 from FIG.
46. In this embodiment, proximal electrodes 525 have
general rectangular configurations, and the distal electrodes
526 have general triangular configurations. Six of the flex-
ible circuit fingers 523 have both proximal 525 and distal
526 electrodes secured over them, while six of the flexible
circuit fingers have only proximal electrodes 525 secured
over them. The fingers alternate in this manner around the
flexible circuit, as shown in FIG. 46. All circuit fingers
converge at central hub 537. In some alternative embodi-
ments the traces and the electrodes are integral, such that the
electrodes are not deposited on top of the conductive trace.
[0212] FIGS. 47A-47H show detailed views of portions of
two adjacent elongate members 523 of the flexible circuit
from FIG. 57, labelled 523a and 523b. FIG. 47A shows the
distal regions of elongate members 523¢ and 5235, and
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FIGS. 47B and 47C show the proximal regions of elongate
members 523a and 5235, respectively. FIG. 47D shows a
detail of cross section A-A (shown in FIG. 47A) through
elongate member 5235 and a proximal electrode 525. In this
embodiment, each of the elongate members 523 (which may
also be referred to as “arms”) generally includes, as can be
seen in the cross section in FIG. 47E, substrate layer 532,
one or more conductor layers 528, and one or more insula-
tion layers 533. Substrate layer 532 can be adhered directly
to the balloon 554 by an adhesive 559. FElectrode 525
comprising an elastomeric conductor layer 560 is disposed
over the substrate layer and one or more adhesive layers, the
one or more insulation layers, and the one or more conductor
layers. In some embodiments the elastomeric conductor
layer will replace the adhesive layer. FIG. 47E is an even
further enlarged subsection of section A-A. FIG. 47F illus-
trates cross section B-B, and FIG. 47G a further enlarged
subsection of section B-B elucidating the various layers.
FIG. 47H illustrates the use of adhesive 559 at section C-C
where no elastomeric electrode is used. As will be discussed
later, proximal electrode 525 is in electrical communication
with conductor 528P at a region 529 where there is an
absence of insulation layer between conductor 528P and
proximal electrode 525. Region 529 can be formed by
removing a region of previously applied insulation layer
533, such as by ablating a select region of insulation layer
533. Other techniques for creating the electrical connection
can be used. Such ablation procedures may be carried out by
laser ablation procedures which can make use of fiducial
markings 561 and 562. In general, the insulation layer can be
deposited over the entire structure defined by the substrate
layer.

[0213] Elongate member or finger 523a includes a sub-
strate layer, three discrete elongate conductor layers 528D,
528M, and 528P extending along the elongate member.
Conductor layers 528D and 528P are in electrical commu-
nication with distal electrode 526 and proximal electrode
525 at regions 529D and 52P, respectively. The electrical
communication regions 529D and 529P can be formed as
described above with reference to FIG. 47D. The elongate
arms 523 in this embodiment also include dedicated map-
ping electrodes 527, which are disposed distal to the proxi-
mal electrodes. Mapping electrodes 527 are regions of the
flexible circuit at which the insulation layer 533 has been
removed (or was never deposited), exposing a conductor and
may or may not include a defined enlarged portion of
conductor, a pad. A flexible electrode material is not dis-
posed over conductor 528M in this embodiment, but in other
embodiments mapping electrodes could have a separate
flexible electrode material disposed over conductor 528M.

[0214] The distal electrodes have a generally triangular
configuration, tapering towards the distal end. The proximal
electrodes have a generally rectangular configuration.

[0215] The flexible circuits also include identification
markers 534, which can be visualized and aid in identifica-
tion the location of the electrodes. In this embodiment,
markers 534 are disposed between the substrate layer and
the balloon layer, adhered to the substrate. They are disposed
such that they overlap with a distal region of the electrodes.
Gold is an example of the material of markers that can
enable visualization. The distance between, location, num-
ber, and arrangement of markers may be varied to identify
each arm marked.
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[0216] Elongate members 523 can optionally include one
or more adhesive aperture 535, to improve adhesion of the
substrate to the balloon.

[0217] The regions of the substrate layer that are under the
proximal and distal electrodes include a plurality of projec-
tions 536 (also referred to as protrusions) that extend out-
ward from the sides of the substrate. These projections
improve the adhesion between the balloon and the substrate,
as an adhesive 559 can occupy the spaces between the
projections. In some embodiments, regions of the substrate
that are not under the electrodes may include the projections.

[0218] A substrate can include one or more projections
536, and they can extend from one or both sides. The
projections shown are regularly spaced apart, but need not
be. The projections in this embodiment extend slightly in the
distal direction (i.e., not orthogonally and not proximally) to
reduce the risk of catching the projections on the delivery
catheter during sheathing, but in other embodiments may
extend in other direction. By saying that they extend in the
distal direction, the projections are not orthogonal to the
longitudinal axis of the arms. The projections can have other
configurations as well.

[0219] The protrusions in this embodiment have the same
configuration, but the configurations may vary. At least 50%
of the plurality of protrusions have the same general con-
figuration.

[0220] The protrusions can have a width 515 from 0.001
inch to 0.5 inches, such as from 0.001 inch to 0.25 inches,
such as from 0.001 inch to 0.1 inch, such as from 0.001 inch
to 0.01 inches, such as 0.001 inch to 0.007 inches (this is the
shorter of the dimensions in the embodiment in FIG. 47A).
The protrusions can have a length 517 from 0.001 inches to
0.05 inches, such as 0.001 inch to 0.025 inches, such as
0.001 inch to 0.01 inches, such as 0.001 inch to 0.005 inches,
such as about 0.015 inches (the lengths are greater than the
widths in the embodiment in FIG. 47A). One or more
protrusions can be axially spaced apart by an axial distance
519 from 0.001 inches to 0.5 inches, such as 0.001 inch to
0.25 inches, such as 0.001 inch to 0.1 inches, such as 0.001
inch to 0.05 inches, such as about 0.010 inches. In this
embodiment the substrate comprises at least 5 protrusions on
a first side, and at least 5 protrusions on a second side. In this
embodiment there are eighteen protrusions projection from
each side of the substrate under the proximal electrodes,
while there are sixteen protrusions projection from each side
of the substrate under the distal electrodes. In some embodi-
ments there are between 5 and 25 projections extending
from one or both sides of the substrate. The interior angle
between the protrusions and the longitudinal axis of the
device can be less than 90 degrees, such as 85 degrees or
less, such as 80 degrees or less, such as 75 degrees of less,
such as 70 degrees or less, such as 65 degrees or less, such
as about 60 degrees.

[0221] In this embodiment each elongate member 523
includes three conductors, each terminating at an intercon-
nect pad 531 at a proximal end. In this embodiment con-
ductor 528P terminates at pad 531P, conductor 528M ter-
minates at pad 531M, and conductor 528D terminates at pad
531D. The pads 531D, M, and P are not aligned longitudi-
nally (i.e., axially), to reduce the radial footprint of the
proximal pad region. The pads are in electrical communi-
cation with additional conductors that carry the electrical
signals to the proximal end of the energy delivery device.
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For example, the additional conductors can extend along a
shaft of the energy delivery device.

[0222] As can be seen in FIG. 46, adjacent elongate
member 523 have different lengths. For example, in F1G. 46,
the elongate member 523 at the twelve o’clock position is
longer than the elongate member 523 at the one o’clock
position. The two o’clock position elongate member 523 is
the same length as the twelve o’clock elongate member 523.
Varying the elongate member lengths staggers the wider
proximal ends of the elongate members so that they are not
all aligned axially. The interconnects 530 (twelve in this
embodiment) are spaced generally relatively close together
on a shaft proximal to the end of the balloon (see the
example configuration in FIG. 40B). By staggering the
proximal ends of the elongate members, they are not spaced
quite so closely and all of the proximal ends of the elongate
members can more easily fit around the shaft to which they
are mounted.

[0223] FIG. 46 is an example of a flexible circuit com-
prising first and second arms spaced from one another along
at least a portion of their lengths, the first arm comprising a
first conductive member and the second arm comprising a
second conductive member, the first conductive member
extending to a proximal region of the first arm, and the
second conductive member extending to a proximal region
of the second arm, and wherein the first arm has a proximal
end that extends further proximally than a proximal end of
the second arm. In this embodiment, the first arm is one of
a plurality of first arms, and the second arm is one of a
plurality of second arms, each of the plurality of first arms
having a proximal end that extends further proximally than
a proximal end of each of the plurality of second arms. When
coupled to a balloon, the plurality of first arms and the
plurality of second arms are carried by the balloon in an
alternating arrangement around at least a portion of the
balloon. In this embodiment, each of the plurality of first
arms has a proximal end that extends to the same axial
position along the device as each of the other proximal ends
of the plurality of first arms.

[0224] FIG. 48 illustrates an alternative planar configura-
tion of exemplary flexible circuit and electrode assembly
4800, which is shown coupled to a balloon in FIG. 40C.
Assembly 4800 is similar to that shown in FIGS. 46 and 47,
but there are some differences. For example, assembly 4800
also includes a plurality of arms 4802, proximal electrodes
4804 and distal electrodes 4806. Some of the arms, however,
include at least two sensing electrodes 4810 distal to an
ablation electrode. Arms that are adjacent to those arms with
two sensing electrodes do not have any mapping electrodes.
Arms that only have two ablation electrodes and do not have
mapping electrodes only have two conductive traces therein.
Arms that have one ablation electrode and two sensing
electrodes have three conductive traces thereon. Assembly
4800 can, in all other respects, include aspects of the
assembly from FIGS. 46 and 47, such as the protrusions. The
flex circuit can include electrode identifiers 4811 for the
proximal electrodes, and electrode identifiers 4813 for the
distal electrodes. The location of the electrode identifiers
varies between electrodes, and this allows the user to know
what electrode is being visualized when in use. The elec-
trodes identifiers have varying positions along the length of
the electrodes. Varying the locations and/or numbers of the
identifiers on both the proximal and distal electrodes allows
the user to know exactly which electrode is being visualized.
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The location of the electrode varies in a pattern, for both the
proximal and distal electrodes.

[0225] FIGS. 49A and 49B illustrates an alternative flex-
ible circuit, showing only substrate 542 and conductors
548P, 548M, and 548D, similar to the embodiment above.
Substrate 542 includes extensions 549 that extend radially to
the sides from the elongate member. Substrate 542 includes
a plurality of apertures 545 therein, which can enhance
adhesion to the balloon, and provide for greater substrate
flexibility. The mesh extensions can have the same or
substantially the same configuration/shape of the proximal
and distal flexible electrodes that will be disposed over the
flex circuit. In this embodiment the proximal extensions
have substantial rectangular shapes, and the distal exten-
sions are generally triangularly shaped.

[0226] FIGS. 50A and 50B illustrates an exemplary elon-
gate member 553 that is not integrally formed with other
elongate members, or with a distal hub. In this embodiment
all of the elongate members can be individually formed, and
then secured together at a distal hub 558 at an interface. This
can reduce the amount of wasted material during manufac-
turing since the elongate members don’t need to be cut out
of a single piece of starting material. Proximal electrode 555
and distal electrode 556 footprints are also shown. Glue
holes 551 can also be formed in the substrate. Elongate
member 553 has a hub interface 557 at its distal end. FIG.
50B shows elongate member 553 secured to distal hub 558.
More elongate members would also be secured to hub 558.
Elongate member 553 and hub 558 can be secured together
using a variety of well-known techniques including sand-
wiching between elements of a multi-piece distal hub, or
insert molding in a distal hub. Distal hub 558 secures the
balloon to the guidewire shaft, as is disclosed in the embodi-
ments above.

[0227] In alternate embodiments of a multi-piece flex-
circuit array, each element may have a central hub with
elongate members extending in both (e.g., opposite) direc-
tions. Each element can then be stacked with the central hub
aligning with the guide wire lumen. For example, in the
embodiment in FIG. 50B, the elongate elements that are 180
degrees apart could be part of the same element.

[0228] Itmay be advantageous during cardiac intervention
to have available to the operator a compact-size version of
any of the embodiments described herein. The system may
provide the user with a one-shot style energy delivery device
well suited for, but not limited to, single-point ablation
touch-ups within the cardiac chamber, for example. This
possible alternate embodiment of the disclosure may com-
prise a relatively small balloon in a compact design with a
plurality of flexible circuits comprising elastomeric elec-
trodes and optional mapping sensors extending proximally
to distally along the exterior surface of the balloon and
affixed to low-profile flexible circuits. The device can also
include, within the expandable member, one or more imag-
ing and illumination components similar to any of the
systems described herein. The compact tool design may
allow for greater maneuverability in small spaces and may
offer a steerable portion integrated into an attached catheter.

[0229] FIGS. 51A, 51B, 52 and 53 illustrate exemplary
embodiments of a steerable energy delivery device compris-
ing flexible low-profile elastomeric electrodes and sensor
assemblies with an onboard imaging system in a compact
design.
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[0230] FIG. 51A illustrates an exemplary distal portion of
compact energy delivery device 5800, an alternate configu-
ration to the embodiment presented in figured 40A and 40B,
but without showing user control handle 200. Device 5800
includes a catheter 5810 configured to be steered in steerable
section 5811, a compact-sized endovascular diagnostic and/
or interventional tool 5820 adapted to be manipulated by a
user via a control mechanism (not shown) to control at least
one aspect of catheter 5810 and/or tool 5820.

[0231] FIG. 51B is a detailed perspective view of compact
interventional tool 5820 located at the distal end region of
device 5800. Compact tool 5820 comprises expandable
balloon 5801 with a plurality of irrigation ports 5852 (only
one is labeled), one or more elongate members 5822, and a
plurality of elastomeric electrodes 5824. Exemplary diam-
eters for compact balloon 5801 (and any compact balloons
herein) can be in the range of 5 mm to 20 mm, such as 5 mm,
6 mm, 7 mm, 8 mm, 9 mm, 10 mm, 11 mm, 12 mm, 13 mm,
14 mm, 15 mm, 16 mm, 17 mm, 18 mm, 19 mm, and 20. In
some embodiments the balloon has a diameter between 8
mm and 20 mm, or 8 mm and 18 mm, or 8 mm and 15 mm.
Elastomeric electrodes 5824 may be disposed axially and
external to the surface of balloon 5801 where they overlay
the elongate member 5822 comprising a substrate, at least
one conductor, and optionally insulators. A plurality of these
flexible circuits may extend from the distal end of balloon
5801 where they are secured at distal hub 5858. Elastomeric
electrodes 5824 may contain openings as shown that allow
mapping sensors 5827 (only one labeled) embedded in
elongate member 5822 (such as in the manner shown above)
to be exposed to the treatment area (e.g., heart tissue)
thereby facilitating mapping sensor data to the user.

[0232] In this exemplary embodiment, the elastomeric
electrodes 5824 are spaced 90 degrees apart around the
balloon, and are longer than they are wide, extending over
both the distal and proximal portions of the balloon.
[0233] Energy delivery device 5800 may also comprise a
visualization system 5840 disposed proximally within the
balloon. Visualization system 5840 can include camera
system 5833 and a plurality of light sources 5835 (e.g.,
LEDs). Camera system 5833 may comprise a single camera
or a plurality of cameras, and a single camera configuration
is shown in FIG. 51B. The expandable member also includes
a proximal diffuse reflector 5830, aspects and functionality
of which are described above in previous embodiments.
Suitable aspects of any of the embodiments above may be
incorporated in this energy delivery device. The visualiza-
tion system may alternatively be adapted and configured like
any of the visualization systems herein.

[0234] In this embodiment the irrigation fluid (which
inflates the balloon) passes through an irrigation lumen
within the catheter and over the plurality of light sources
5835 (e.g., LEDs). The irrigation fluid can cool the light
sources as is flows past the light sources and into the balloon.
This provides an added benefit of preventing the light
sources from overheating during use. In some embodiments
the powering of the illumination elements is synchronized
with the delivery of irrigation fluid such that illumination is
only performed while irrigation is performed. In addition or
other embodiments irrigation is servoed to illumination
element temperature.

[0235] FIG. 52 illustrates an exemplary embodiment of a
compact tool 6020, a variation on device 5820, showing
elastomeric electrodes 5862 with integrated irrigation holes
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5852 (only one labeled) allowing the transmission of irrigant
through both expandable member 5801 and electrodes 5862
during a procedure.

[0236] Compact tools 5820 and 6020 may comprise one or
more elongate members 5822 shown in FIG. 53. The elon-
gate members may be referred to herein as flexible circuits.
Elongate member 5822 comprises substrate 5832, conduc-
tors 5815, insulator 5817, and optional mapping sensor
5827. Proximal is at the bottom left and distal is at the top
right in FIG. 61. Distributed along the length of the substrate
5832 are a plurality of glue holes or adhesive apertures 5851
to aid in assembly and a plurality of projections comprised
in a feathered edge 5860. Feathered edges 5860 and adhe-
sive apertures improve the adhesion between the plurality of
elongate members 5822 glued to the exterior surface of
balloon 5801. Elongate members 5822 may also comprise
mapping sensor 5827, this sensor may be of any variety of
sensors as described herein. Sensor 5827 is interfaced to a
control unit via conductor 58154 which runs parallel to
electrode conductor 58154. Both conductors are isolated
beneath insulator 5817. Conductors 5815a and 58155 con-
nect proximally from flexible circuit 5822 to the distal end
of catheter 5810, thereby establishing conductive paths
through the catheter to power sources, user interfaces and
operator controls. The distal end 5861 of flexible circuit
5822 terminates at distal hub 5858 at the distal most point of
expandable member 5801.

[0237] Inthe embodiments in FIGS. 51A, 51B, and 52, the
balloons are generally spherical. “Generally spherical”
refers to shapes that one skilled in the art would say are
spherical.

[0238] One of the benefits of some of the embodiments
herein is that it is possible to get a complete burn in tissue
between any adjacent electrodes, when operating in bipolar
mode. This allows any two adjacent electrodes to be oper-
ated in bipolar mode and effectively ablate tissue between
those electrodes. This creates a significant advantage when
in use, as it increases the physician’s options for ablating the
desired tissue region. FIG. 54 illustrates an exemplary
working end of an ablation catheter, showing only the
location of electrodes relative to the balloon for clarity. The
location and configuration of the electrodes in FIG. 54 is
generally the same as in FIGS. 40A and 40B. “Adjacent”
electrodes in this context refers to, for a particular electrode,
the closest electrodes surrounding the particular electrode.
For electrode “A” in FIG. 54, the adjacent electrodes are
electrodes “B.”

[0239] One of the aspects of the device that allows com-
plete burns to be reliably created between adjacent elec-
trodes is the power density of the device when in use.
“Power density” as used herein refers to power per area,
either with respect to surface area of one or more electrodes,
or surface area of one or more electrodes and surface area of
the balloon in between adjacent electrodes.

[0240] The disclosure below provides a quantitative
assessment for power density in an exemplary use of the
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device shown in FIGS. 40A and 40B. In the description
below, inner electrode area is referred to as “EL” “Outer
electrode area” is referred to as “EQ.” “Inner space area” is
referred to as “Al” “Outer space area” is referred to as
“AQ.” “Bipolar set area” is referred to as “BPX.” “Area
total” is referred as to “Areatotal _X.” “Power” is referred to
as “Ptotal X.”

[0241] FIG. 54 illustrates, for ablation member 650, inner
electrodes 652 (also referred to herein as distal electrodes),
outer electrodes 660, inner electrode boundaries 654, inner
electrode spacing 656, outer electrode boundaries 662, and
outer electrode spacing 664.

[0242] In an exemplary method of use, the power deliv-
ered per electrode for full electrode contact was 8 W, and the
power delivered per electrode for partial electrode contact
was 10 W. Table 2 below illustrates power densities calcu-
lated based on surface areas of the inner electrodes 652
being 0.272 cm2, outer electrodes 660 having surface areas
of 0.273 cm2, spacing area 656 between inner electrodes to
be 0.221 cm2, spacing area 664 between outer electrodes to
be 0.288 cm2. Power density is calculated as power/area.

[0243] The thickness of the atrial wall is about 1 mm to 10
mm, generally 1 mm to 3 mm. The average power density
across the thickness of the heart can thus be calculated using
any of the powers described herein and the area that defined
by the heart thickness and the width of the tissue through
which the energy is passing. The width of the tissue through
which the energy is passing is generally the same as the
length of the electrode, or the length of electrode sides that
are facing each other, any of which described herein can be
used to calculate the power densities.

TABLE 2
Power max density Power max density
Area full contact partial contact
Feature (em 2) (W/em 2) (Wiem 2)
Inner electrode 27 29 37
Quter electrode 27 29 37
Inner space 22
Outer space 29
Bipolar inner set 77 10 13
Bipolar outer set .83 13 12
Total inner set 3.0 16 20
Total outer set 6.7 14 18
[0244] Table 3 and the analysis below illustrates some

alternative devices, illustrating how devices with smaller
electrode areas results in much higher power densities that
than when the current device is used with somewhat similar
power inputs. Using the data from Table 3, the device
labeled “4 mm Tip” has a power density of about 90 W/cm2
when the power input is 30 W. The PVAC devices has a
power density of about 147 W/cm2 when a max 10 W power
is used. The MASC and MAAC have power densities of
about 220 W/cm2 when a max 10 W power is used.
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[0245] The disclosure provides methods of use that
include power densities of less than about 40 W/em2, when
calculated based on the surface area of a particular electrode,
and when there is full contact between the electrode and
tissue. The disclosure provides methods of use that include
power densities of less than about 25 W/cm2, when calcu-
lated based on the surface area spanning two electrodes and
the spacing between them.

[0246] FIG. 55 illustrates an exemplary schematic for an
exemplary power train. The boost block boosts the voltage
out of the 48 volt medical grade supply to a voltage sufficient
to deliver the desired power at the channel with the greatest
impedance, typically 8 or 10 Watts. The bucks allow the
adjustment of individual channel power. With respect to the
filters, the signals to this point are square wave. The filters
round out the corners to approach a sin wave. The relay
matrix selects from local bi polar return, power pass
through, or open circuit. The V/I/phase measure—feedback
in PID loop, used to calculate electrode impedance, phase is
used to control power by correcting for phase angle.

What is claimed is:

1. A cardiac tissue ablation device, comprising:

an inflatable and flexible balloon disposed at a distal
region of an elongate member, the balloon having a
toroidal or spherical configuration when inflated;

a flexible substrate branch adhered to an outer surface of
the balloon along the length of the flexible substrate
branch, the flexible substrate branch extending from a
proximal region of the balloon to a distal region of the
balloon;

an adhesive for adhering the flexible substrate branch to
the balloon, the adhesive disposed along and on top of
a periphery of the flexible substrate branch in a region
where the electrode is carried by the flexible substrate
branch,

wherein, at a distal location that is distal to where the
electrode is carried the flexible substrate branch, the
adhesive is also disposed over an entire width of the
flexible substrate branch, and wherein the flexible
substrate branch, in the region where the electrode is
carried by the flexible substrate branch, has a width that
is greater than a width of the flexible substrate branch
at the distal location;
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an electrode carried by the flexible substrate branch, the
electrode flexible such that the electrode conforms to
the curved configuration of the balloon when the bal-
loon is inflated to the toroidal or spherical configura-
tion; and

a conductor in electrical communication with the elec-

trode.

2. The device of claim 1, further comprising an elongate
balloon actuator extending within the balloon, the elongate
balloon actuator secured to a distal region of the balloon,
wherein the elongate balloon actuator is axially movable
relative to the elongate member.

3. The device of claim 2, wherein the elongate balloon
actuator has a lumen therein sized to receive a guidewire.

4. The device of claim 1, further comprising a plurality of
flexible substrate branches, of which the flexible substrate
branch is one, each of the plurality of flexible substrate
branches adhered to the outer surface of the balloon along
the length of the flexible substrate branch, each of the
flexible substrate branches extending from the proximal
region of the balloon to the distal region of the balloon, and
each of the plurality of flexible substrate branches carrying
an electrode;

wherein the adhesive is disposed along and on top of a

periphery of each of the plurality of flexible substrate
branches in a region where the electrode is carried by
the flexible substrate branch, and wherein, for each of
the plurality of flexible substrate branches, at a distal
location that is distal to where the electrode is carried
by the flexible substrate branch, the adhesive is also
disposed over an entire width of the flexible substrate
branch, and wherein the flexible substrate branch, in the
region where the electrode is carried by the flexible
substrate branch, has a width that is greater than a width
of the flexible substrate branch at the distal location.

5. The device of claim 4, wherein the plurality of flexible
substrate branches each have distal ends that are each
secured to an annular member disposed at the distal region
of the balloon.

6. The device of claim 5, where the plurality of distal ends
are not directly attached to each other, but are secured
relative to one another by the annular member.
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