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ELECTRODE ASSEMBLY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority under 35 U.S.C.
§119 to U.S. Provisional Application Ser. No. 62/007,716,
filed Jun. 4, 2014, the entirety of which is incorporated herein
by reference.

TECHNICAL FIELD

[0002] The present disclosure generally relates to catheters
and electrode assemblies for use in cardiac procedures and
more particularly, to an electrode assembly that may be uti-
lized in a cardiac mapping procedure.

BACKGROUND

[0003] Mapping the electrical activity ofthe heart is a criti-
cal component for the diagnosis and treatment of heart dis-
ease. Many advanced therapies (such as ablation for the treat-
ment of arrhythmias) require detailed electroanatomic
mapping. Currently, mapping is performed in an electro-
physiology (EP) lab, during which mapping catheters are
inserted into the heart and carefully moved to various loca-
tions around the heart to map and identify the origins of the
arrhythmia. Once the origin of the arrhythmia is identified,
the specific tissue may be destroyed by ablation.

SUMMARY

[0004] The present disclosure generally relates to catheter
and electrode assemblies for use in cardiac procedures and
more particularly, to an electrode assembly that may be uti-
lized in a cardiac mapping procedure.

[0005] In one example, a catheter includes: an elongate
catheter body extending from a proximal end to a distal end,
and an expandable electrode assembly disposed at the distal
end of the catheter body, the electrode assembly configured to
transition from a collapsed configuration to an expanded con-
figuration and comprising at least one flexible member having
an outer surface and an inner surface, wherein the at least one
flexible member comprises a first electrode disposed on the
outer surface of the flexible member and a second electrode
disposed on the inner surface of the flexible member.

[0006] Inaddition oralternatively to any one or more of the
above, and in another example, the first and second electrodes
are configured to form a bipolar electrode pair.

[0007] Inaddition oralternatively to any one or more of the
above, and in another example, the first electrode is located
directly opposite the second electrode.

[0008] Inaddition oralternatively to any one or more of the
above, and in another example, the first electrode is offset
from the second electrode.

[0009] Inaddition oralternatively to any one or more of the
above, and in another example, the flexible member com-
prises at least one flexible printed circuit.

[0010] Inaddition oralternatively to any one or more of the
above, and in another example, the flexible member com-
prises a single, dual sided flexible printed circuit wherein the
first electrode is formed on an outer surface of the flexible
printed circuit and the second electrodes is formed onan inner
surface of the flexible printed circuit.

[0011] Inaddition oralternatively to any one or more of the
above, and in another example, the flexible member com-
prises a first flexible printed circuit defining the first electrode
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formed on an upper surface of a substrate and a second flex-
ible printed circuit defining the second electrode formed on a
lower surface of the substrate.

[0012] Inaddition or alternatively to any one or more of the
above, and in another example, a distance between the first
electrode and the second electrode is less than about 0.5 mm.
[0013] Inaddition or alternatively to any one or more of the
above, and in another example, the flexible member com-
prises multiple bipolar electrode pairs defined by a first elec-
trode disposed on the outer surface of the flexible member and
a second electrode disposed on the inner surface of the flex-
ible member.

[0014] Inaddition or alternatively to any one or more of the
above, and in another example, further comprising two or
more flexible members, each of the two or more flexible
members comprising at least a first electrode disposed on the
outer surface of the flexible member and at least a second
electrode disposed on the inner surface of the flexible mem-
ber.

[0015] Inaddition or alternatively to any one or more of the
above, and in another example, wherein the first and second
electrodes form a bipolar electrode pair across the outer and
inner surface of the flexible member.

[0016] In another example, a method of forming a flexible
electrode assembly includes: forming a flexible electrode
assembly comprising at least one flexible member having an
outer surface and an inner surface, wherein the at least one
flexible member comprises a first electrode disposed on the
outer surface of the flexible member and a second electrode
disposed on the inner surface of the flexible member and
wherein the flexible electrode assembly is configured to tran-
sition from a collapsed configuration to an expanded configu-
ration; and coupling the flexible electrode assembly to a distal
end of an elongate catheter body.

[0017] Inaddition or alternatively to any one or more of the
above, and in another example, the method further includes:
forming a flexible layered sheet comprising at least one flex-
ible printed circuit defining a first electrode on an outer sur-
face of the flexible layered sheet and a second electrode on an
inner surface of the flexible layered sheet; separating the
flexible layered sheet into two or more flexible members, each
flexible member having a first electrode located on an outer
surface and a second electrode located on an inner surface;
and forming an expandable electrode assembly from at least
one of the flexible members.

[0018] Inaddition or alternatively to any one or more of the
above, and in another example, the method further includes
forming an expandable electrode assembly from two or more
flexible members by joining the two or more flexible mem-
bers together at a first end of each of the two or more flexible
members.

[0019] Inaddition or alternatively to any one or more of the
above, and in another example, the method further includes
joining the two or more flexible members together ata second
end of each of the two or more flexible members.

[0020] In another example, a catheter includes an elongate
catheter body extending from a proximal end to a distal end,
and an expandable electrode assembly disposed at the distal
end of the catheter body, the electrode assembly configured to
transition from a collapsed configuration to an expanded con-
figuration and comprising at least one flexible member having
an outer surface and an inner surface, wherein the at least one
flexible member comprises a first electrode disposed on the
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outer surface of the flexible member and a second electrode
disposed on the inner surface of the flexible member.

[0021] TInaddition oralternatively to any one or more of the
above, and in another example, the first and second electrodes
are configured to form a bipolar electrode pair.

[0022] Inaddition oralternatively to any one or more of the
above, and in another example, the first electrode is located
directly opposite the second electrode.

[0023] Inaddition oralternatively to any one or more of the
above, and in another example, the first electrode is offset
from the second electrode.

[0024] Inaddition oralternatively to any one or more of the
above, and in another example, the catheter further includes
two or more flexible members, each of the two or more
flexible members comprising at least a first electrode dis-
posed on the outer surface of the flexible member and at least
a second electrode disposed on the inner surface of the flex-
ible member.

[0025] Inaddition oralternatively to any one or more of the
above, and in another example, the flexible member com-
prises at least one flexible printed circuit.

[0026] Inaddition oralternatively to any one or more of the
above, and in another example, the flexible member com-
prises a single, dual sided flexible printed circuit wherein the
first electrode is formed on an outer surface of the flexible
printed circuit and the second electrodes is formed onan inner
surface of the flexible printed circuit.

[0027] Inaddition oralternatively to any one or more of the
above, and in another example, the flexible member com-
prises a first flexible printed circuit defining the first electrode
formed on an upper surface of a substrate and a second flex-
ible printed circuit defining the second electrode formed on a
lower surface of the substrate.

[0028] Inaddition oralternatively to any one or more of the
above, and in another example, a distance between the first
electrode and the second electrode is less than about 0.5 mm.
[0029] Inaddition oralternatively to any one or more of the
above, and in another example, the flexible member com-
prises multiple bipolar electrode pairs defined by a first elec-
trode disposed on the outer surface of a flexible member and
a second electrode disposed on the inner surface each of the
flexible member.

[0030] Inanother example, a catheter includes: an elongate
catheter body extending from a proximal end to a distal end,
and an expandable electrode assembly disposed at the distal
end of the catheter body, the electrode assembly configured to
transition from a collapsed configuration to an expanded con-
figuration and comprising two or more flexible splines having
an outer surface and an inner surface, wherein at least one of
the two or more flexible splines comprises at least a first
electrode disposed on the outer surface of the flexible spline
and at least a second electrode disposed on the inner surface
of the flexible spline.

[0031] Inaddition oralternatively to any one or more of the
above, and in another example, the first and second electrodes
are configured to form a bipolar electrode pair.

[0032] TInaddition oralternatively to any one or more of the
above, and in another example, the first electrode is located
directly opposite the second electrode.

[0033] Inaddition oralternatively to any one or more of the
above, and in another example, the first electrode is offset
from the second electrode.

[0034] Inaddition oralternatively to any one or more of the
above, and in another example, each of the two or more
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splines comprises multiple bipolar electrode pairs defined by
a first electrode disposed on the outer surface of a flexible
spline and a second electrode disposed on the inner surface of
the flexible spline.

[0035] Inaddition or alternatively to any one or more of the
above, and in another example, each of the two or more
flexible splines comprises at least one flexible printed circuit.
[0036] Inaddition or alternatively to any one or more of the
above, and in another example, the at least one flexible circuit
is a single, dual sided flexible printed circuit having a first
electrode is formed on an upper surface of the flexible printed
circuit and a second electrode formed on a lower surface of
the flexible printed circuit.

[0037] Inaddition or alternatively to any one or more of the
above, and in another example, each of the two or more
flexible splines comprises a first flexible printed circuit defin-
ing a first electrode formed on an upper surface of a substrate
and a second flexible printed circuit defining a second elec-
trode formed on a lower surface of the substrate.

[0038] Inyetanother example, a method of forming a flex-
ible electrode assembly includes: forming a flexible electrode
assembly comprising at least one flexible member having an
outer surface and an inner surface, wherein the at least one
flexible member comprises a first electrode disposed on the
outer surface of the flexible member and a second electrode
disposed on the inner surface of the flexible member and
wherein the flexible electrode assembly is configured to tran-
sition from a collapsed configuration to an expanded configu-
ration; and coupling the flexible electrode assembly to a distal
end of an elongate catheter body.

[0039] Inaddition or alternatively to any one or more of the
above, and in another example, the method further includes
forming a flexible layered sheet comprising at least one flex-
ible printed circuit defining a first electrode on an outer sur-
face of the flexible layered sheet and a second electrode on an
inner surface of the flexible layered sheet; separating the
flexible layered sheet into two or more flexible members, each
flexible member having a first electrode located on an outer
surface and a second electrode located on an inner surface;
and forming the expandable electrode assembly from at least
one of the flexible members.

[0040] Inaddition or alternatively to any one or more of the
above, and in another example, the method further includes
forming an expandable electrode assembly from two or more
flexible members by joining the two or more flexible mem-
bers together at least at a first end of each of the two or more
flexible member.

[0041] In still another example, a method of forming a
flexible electrode assembly is disclosed. The method
includes: forming a first flexible printed circuit comprising
one or more electrodes on an upper surface of a substrate and
forming a second flexible printed circuit comprising one or
more electrodes on a lower surface of the substrate to produce
a flexible layered sheet; separating the flexible layered sheet
into two or more splines extending longitudinally from a
proximal end of the flexible layered sheet to a distal end of the
flexible layered sheet, wherein the two or more splines are
fully separated from one another such that they are not con-
nected and wherein each of the two or more splines comprises
at least one bipolar electrode pair defined by a first electrode
from the first flexible printed circuit disposed on the upper
surface of the substrate and a second electrode from the
second flexible printed circuit disposed on the lower surface
of the substrate, each electrode located on opposite sides of
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each of the two or more splines; mechanically joining the
fully separated two or more flexible splines together to form
an expandable electrode assembly.

[0042] Inaddition oralternatively to any one or more of the
above, the substrate comprises Nitinol.

[0043] Inaddition oralternatively to any one or more of the
above, the step of separating the flexible layered sheet into
two or more splines comprises laser cutting the flexible lay-
ered sheet into two or more splines.

[0044] Inaddition oralternatively to any one or more of the
above, the step of separating the flexible layered sheet into
two or more splines comprises die cutting the flexible layered
sheet into two or more splines.

[0045] Inaddition oralternatively to any one or more of the
above, the method further includes securing a second end of
the first spline and a second end of the second spline to a distal
end of a catheter body.

[0046] Inaddition oralternatively to any one or more of the
above, wherein the fully separated splines are mechanically
joined together by inserting their respective distal ends into
corresponding slots provided in a distal cap.

[0047] The above summary of some embodiments is not
intended to describe each disclosed embodiment or every
implementation of the present disclosure. The Figures, and
Detailed Description, which follow, more particularly exem-
plify these embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] Thedisclosure may be more completely understood
in consideration of the following detailed description of vari-
ous embodiments in connection with the accompanying
drawings, in which:

[0049] FIG.1is a schematic diagram showing a catheter in
the context of a system;

[0050] FIGS. 2A-2B are schematic views of an exemplary
catheter that may be utilized in the system shown in FIG. 1;
[0051] FIGS. 3A-3G are schematic views of exemplary
expandable electrode assemblies;

[0052] FIG.4A isanisometric view of an expandable elec-
trode assembly shown in a collapsed configuration;

[0053] FIG. 4B is an isometric view of the expandable
electrode assembly of FIG. 4A shown in an expanded con-
figuration;

[0054] FIG.4Cis a close-up, isometric view of the expand-
able electrode assembly of F1G. 4B in the expanded configu-
ration,;

[0055] FIG. 4D is a top plan view of the expandable elec-
trode assembly shown in FIGS. 4B and 4C in the expanded
configuration;

[0056] FIGS. SA and 5B are close-up schematic views of
exemplary individual splines of an expandable electrode
assembly including multiple bipolar electrode pairs;

[0057] FIG. 6 is a side, cross-sectional view of an exem-
plary multi-layered flexible sheet including at least one flex-
ible printed circuit used to construct an expandable electrode
assembly;

[0058] FIGS. 7A and 7B are schematic views of the inner
and outer surfaces, respectively, a portion of a flexible spline
incorporating a single flexible printed circuit;

[0059] FIG. 8A shows a top plan view of a multi-layered
flexible sheet used to construct an electrode assembly;
[0060] FIG. 8B is a bottom plan view of the multi-layered
flexible sheet shown in FIG. 8A; and
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[0061] FIGS. 9A-9D provide a stepwise illustration of a
method of constructing the expandable electrode assembly
from a multi-layered flexible sheet including at least one
flexible printed circuit.

[0062] While the disclosure is amenable to various modi-
fications and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
described in detail. It should be understood, however, that the
intention is not to limit aspects of the disclosure to the par-
ticular embodiments described. On the contrary, the intention
is to cover all modifications, equivalents, and alternatives
falling within the spirit and scope of the disclosure.

DETAILED DESCRIPTION

[0063] The following detailed description should be read
with reference to the drawings in which similar elements in
different drawings are numbered the same. The detailed
description and the drawings, which are not necessarily to
scale, depict illustrative embodiments and are not intended to
limit the scope of the disclosure. The illustrative embodi-
ments depicted are intended only as exemplary. Selected fea-
tures of any illustrative embodiment may be incorporated into
an additional embodiment unless clearly stated to the con-
trary.

[0064] For the following defined terms, these definitions
shall be applied, unless a different definition is given in the
claims or elsewhere in this specification.

[0065] All numeric values are herein assumed to be modi-
fied by the term “about”, whether or not explicitly indicated.
The term “about” generally refers to a range of numbers that
one of skill in the art would consider equivalent to the recited
value (i.e., having the same function or result). In many
instances, the term “about” may be indicative as including
numbers that are rounded to the nearest significant figure.
[0066] The recitation of numerical ranges by endpoints
includes all numbers within that range (e.g., 1 to Sincludes 1,
1.5,2,2.75,3,3.80, 4, and 5).

[0067] Although some suitable dimensions, ranges and/or
values pertaining to various components, features and/or
specifications are disclosed, one of skill in the art, incited by
the present disclosure, would understand desired dimensions,
ranges and/or values may deviate from those expressly dis-

closed.
[0068] As used in this specification and the appended
claims, the singular forms “a”, “an”, and “the” include plural
referents unless the content clearly dictates otherwise. As
used in this specification and the appended claims, the term

or” is generally employed in its sense including “and/or
unless the content clearly dictates otherwise.
[0069] Mapping the electrophysiology of heart rhythm dis-
orders often involves the introduction of a constellation cath-
eter or other mapping/sensing device having a plurality of
electrodes and/or sensors (e.g., CONSTELLATION®, com-
mercially available from Boston Scientific) into a cardiac
chamber. The sensors detect the electric activity of the heart at
sensor locations. It may be desirable to have the electric
activity processed into electrogram signals that accurately
represent cellular excitation through cardiac tissue relative to
the sensor locations. A processing system may then analyze
and output the signal to a display device. Further, the process-
ing system may output the signal as an activation or vector
field map. The physician may use the activation or vector field
map to perform a diagnostic procedure.
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[0070] FIG. 1 is a high level, schematic view of an overall
system 2 that includes a physician, a patient, catheters,
including a mapping catheter 10, and related electrophysiol-
ogy equipment located within an operating room. A physician
16 introduces the catheter 10 into the vasculature of the
patient 11 at the patient’s leg and advances it along a blood
vessel ultimately, entering the patient’s heart 12. As will be
described in greater detail herein, the catheter 10 may include
an electrode assembly having multiple sensing electrodes for
sensing the electrical activity of the heart. Other catheters that
may be used in the procedure are represented by companion
catheter 18. Each catheter 10, 18 is coupled to a processing
system 20 using appropriate catheter cabling typified by con-
nection cable 17. If the companion catheter 18 is an ablation
catheter, then processing system 20 also forms an interface to
an RF ablation unit (not illustrated).

[0071] Processing system 20 may include dedicated cir-
cuitry (e.g., discrete logic elements and one or more micro-
controllers; a memory or one or more memory units, appli-
cation-specific integrated circuits (ASICs); and/or specially
configured programmable devices, such as, for example, pro-
grammable logic devices (PLDs) or field programmable gate
arrays (FPGAs)) for receiving and/or processing the acquired
activation signals. In at least some embodiments, processing
system 20 includes a general purpose microprocessor and/or
a specialized microprocessor (e.g., a digital signal processor,
or DSP, which may be optimized for processing activation
signals) that executes instructions to receive, analyze and
display information associated with the received activation
signals. In such implementations, processing system 20 can
include program instructions, which when executed, perform
part of the signal processing. Program instructions can
include, for example, firmware, microcode or application
code that is executed by microprocessors or microcontrollers.
In addition, the processing system 20 may include suitable
signal conditioning circuitry including signal amplifiers, rec-
tifiers, filters, etc. for improving the quality of the incoming
activation signal. The above-mentioned implementations are
merely exemplary. A variety of processing systems 20 are
contemplated.

[0072] In some embodiments, processing system 20 may
be configured to measure the electrical activity in the myo-
cardial tissue adjacent to one or more electrodes located on
the electrode assembly. For example, in some embodiments,
processing system 20 may be configured to detect electrical
activity associated with a dominant rotor or divergent activa-
tion pattern in the anatomical feature being mapped. Domi-
nant rotors and/or divergent activation patterns may have a
role in the initiation and maintenance of atrial fibrillation, and
ablation of the rotor path, rotor core, and/or divergent foci
may be effective in terminating the atrial fibrillation. In either
situation, processing system 20 processes the sensed activa-
tion signals to generate a display of relevant characteristics,
such as an isochronal map, activation time map, action poten-
tial duration (APD) map, a vector field map, a contour map, a
reliability map, an electrogram, a cardiac action potential,
and/or the like. The relevant characteristics may be used by
the physician to identify a site suitable for ablation therapy.

[0073] Inuse, the physician looks ata computer display 26.
Present on the display 26 is a substantial amount of informa-
tion. A large window presents an image of the heart chamber
13 along with an image of the catheter 10. The physician will
manipulate and control the catheter 10 based in part on the
images and other data presented on the display 26. The rep-
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resentation of the heart chamber 13 may use color, wire
frame, or other techniques to depict the structure of the heart
chamber 13 and to simultaneously portray electrical activity
of the patient’s heart. In some cases, it may be useful to
display chamber geometry, catheter location, and electrical
activity in an integrated fashion on the display 26. In use, the
physician will observe the display 26 and interact with the
workstation 24 and the catheters 10 and 18, to direct a medical
procedure such as, for example, a cardiac mapping procedure.
[0074] FIGS. 2A and 2B are schematic views of an exem-
plary intravascular catheter 10 that may be utilized in the
context of the system 2 shown in FIG. 1. The catheter 10 may
be deployed at a target location within a patient’s heart. The
catheter 10 may be used to map electro-anatomical charac-
teristics of the heart and/or to locate and position other cath-
eters within the heart. Flectrode stability and the known spa-
tial geometry of the electrodes may improve the accuracy of
the mapping device. In some cases, the catheter 10 may
include an expandable electrode assembly 30 including one
or more electrodes that may be used for cardiac mapping or
diagnosis, ablation and/or other therapies involving the appli-
cation of energy to a patient’s heart. The expandable one or
more electrodes may be located on the inner and/or outer
surfaces of at least one flexible member forming the expand-
able electrode assembly 30.

[0075] As shown in FIGS. 2A and 2B, the catheter 10
includes an elongate catheter body 34 extending from a proxi-
malend 38toadistal end 42. In addition, the catheter body 34
may include a lumen (not shown) extending there through,
but this is not required in all embodiments. The catheter body
34 may have sufficient flexibility so as to navigate the tortuous
pathways of a patient’s vasculature system. The catheter 10
caninclude a handle assembly 46 coupled to the proximal end
38 of the catheter body 34. A physician may manipulate the
handle assembly 46 to deliver, steer, rotate, deploy and/or
deflect the catheter 10 when performing a medical procedure.
[0076] In some cases, the handle assembly 46 may include
a first actuation mechanism 48 that may be manipulated to
transition the expandable electrode assembly 30 from a col-
lapsed configuration (shown in FIG. 2A) suitable for delivery
of the catheter 10 to a target location within a patient’s body
(e.g. the heart) and an expanded configuration (shown in FIG.
2B) suitable for use in a diagnostic procedure and/or delivery
of a therapy. In some cases, the actuation mechanism 48 may
include a pull wire that may be coupled to the expandable
electrode assembly 30 that, when actuated in a proximal
direction as indicated by the arrow shown in FIG. 2B, causes
the expandable electrode assembly 30 to transition from the
collapsed configuration to the expanded configuration. In
other cases, the actuation mechanism 48 may include a
retractable sheath that, when retracted in a proximal direction
as indicated by the arrow shown in FIG. 2B, may permit the
expandable electrode assembly 30 to self-expand from the
collapsed configuration to the expanded configuration. These
are just some examples of exemplary actuation mechanisms
that may be utilized to facilitate expansion of the expandable
electrode assembly 30 when the catheter 10 is in use. In some
cases, the catheter body 34 may include a deflectable distal
portion 52 that a physician may manipulate using a second
actuation mechanism 54 provided in the handle assembly 46
to position the electrode assembly 30 nearer or adjacent to
tissue of interest.

[0077] As discussed herein, the expandable electrode
assembly 30 may include one or more electrodes that may be
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used for cardiac mapping or diagnosis, ablation and/or other
therapies. In use, the expandable electrode assembly 30 may
be expanded and used to position the one or more electrodes
adjacent and/or in contact with the target tissue of interest to
measure an electrical signal. The expandable electrode
assembly 30 may include at least one flexible member or
spline on which the one or more electrodes may be located. In
some cases, the expandable electrode assembly may include
two or more flexible members as the size and geometry of the
expandable electrode assembly 30 may permit. For example,
the expandable electrode assembly may include four, five,
six, seven, and in some cases as many as eight flexible mem-
bers, butnot limited to this. In some cases, the size, geometry
and number of flexible members or splines may be dependent
the location of the body in which the device is to be deployed
to investigate the target tissue of interest. One or more elec-
trodes 64 may be disposed on at least one of the flexible
members forming the expandable electrode assembly 30. The
electrodes 64 may be located on an inner surface, an outer
surface or both the inner and outer surfaces of the at least one
flexible member. In some cases, at least a first electrode 64 is
located on an outer surface and at least a second electrode 64
is located on an inner surface of a flexible member. In many
cases, the at least one flexible member 60 is substantially
planar or flat. FIGS. 3A-3G are schematic views of exemplary
expandable electrode assemblies 30a-30g including at least
one flexible member 60 that may be used to support a plurality
of electrodes 64 as described herein according to the various
embodiments.

[0078] FIGS.4A-4D show different views of an exemplary
expandable electrode assembly 30 that may be used to sup-
port a plurality of electrodes. As shown in FIGS. 4A and 4B,
the expandable electrode assembly 30 is capable of being
transitioned from a generally collapsed configuration (FIG.
4A) suitable for delivery of the catheter 10 and the electrode
assembly 30 to a target location within the patient’s heart and
an expanded configuration (FIG. 4B) suitable for use in a
desired cardiac procedure such as, for example, a cardiac
mapping or ablation procedure.

[0079] As shown in FIGS. 4A and 4B, the expandable elec-
trode assembly 30 may include two or more flexible members
or splines 60 which may be capable of being flexed outwardly
and away from a longitudinal axis of the electrode assembly
30. In some cases, as discussed herein, an actuation mecha-
nism may be utilized to transition the electrode assembly 30
including the two or more flexible splines 60 from the col-
lapsed configuration (FIG. 4A) to the expanded configuration
(FIG. 4B). In other cases, the flexible splines 60 may incor-
porate a shape memory material that may facilitate self-ex-
pansion of the flexible splines 60 and consequently, the elec-
trode assembly 30, from the collapsed configuration to the
expanded configuration. The flexible splines 60 may be rela-
tively stiff such that the electrode assembly 30 may be
expanded into a set of known, reproducible shapes capable of
retaining a known spatial geometry when in use which, in
some cases, may be aided by the incorporation of a shape-
memory material or other stiff polymeric material such as, for
example, a polyimide or PEEK into the flexible splines 60.
Alternatively, depending upon the desired application, the
flexible splines 60 may be fabricated such that they are some-
what compliant so as to conform to a surface of a patient’s
heart when placed into intimate contact with the patient’s
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heart. In addition, in some cases, the flexible members or
splines 60 may be fabricated such that they are substantially
planar or flat.

[0080] The expandable electrode assembly 30 may include
a number of electrodes 64 located on each of the flexible
splines 60 forming an electrode array. In many cases, the
electrodes 64 may be sensing electrodes. In addition, the
electrode assembly 30 may include at least some current
injection locator electrodes. The electrode assembly 30 may
also include a tip electrode which may be used for cardiac
stimulation, ablation or as a locator electrode.

[0081] Each electrode 64 may be electrically connected to
the cabling in the handle assembly 46. In some cases, the
signal from each individual electrode 64 may be indepen-
dently available at the processing system 20 (FIG. 1). This
may be achieved by passing a conductor for each electrode
through the connection cable 17 (FIG. 1).

[0082] The number of electrodes 64 distributed throughout
the electrode assembly 30 and the stability of the shape of
electrode assembly 30, when expanded, may affect the over-
all performance of the mapping system. In some cases, the
electrodes 64 may have a uniform and symmetrical distribu-
tion throughout the expandable electrode assembly 30. In
other cases, the electrodes 64 may have an asymmetrical
distribution throughout the expandable electrode assembly
30 which may be advantageous for non-contact cardiac map-
ping procedures. An electrode assembly 30 having an asym-
metrical distribution of electrodes 64 throughout the expand-
able electrode assembly 30 may also be useful for contact
mapping.

[0083] The electrodes 64 may be located on the outer sur-
faces 66 of each of the splines 60, the inner surfaces 68 of each
ofthe splines 60, or both the outer and inner surfaces 66, 68 of
each of the flexible splines 60 as shown in FIGS. 4B and 4C.
In some cases, up to sixty-four sensing electrodes 64 may be
distributed over and along the various splines 60 including
both the outer and inner surfaces 66, 68 of the splines 60.
Depending upon the application, the electrode assembly 30
may include fewer or greater than sixty-four electrodes.
[0084] In many cases, the electrodes 64 may form at least
one bipolar electrode pair. In some cases, the electrodes 64
may form multiple bipolar electrode pairs. The bipolar elec-
trode pairs may be distributed throughout the expandable
electrode assembly 30. In some cases, the bipolar electrode
pairs may be formed between first and second electrodes 64
located on the same surface of a flexible member or spline 60,
between first and second electrodes 64 located on opposite
surfaces of a flexible member or spline 60, or between a first
electrode 64 located on a first spline 60 and a second electrode
64 located on a second spline 60. In the example in which the
bipolar electrode pair is formed between electrodes 64
located on different splines 60, the individual electrodes 64
forming the bipolar electrode pair may be both located on the
inner surface of their respective splines 60, the outer surface
of their respective splines 60 or, alternatively, one electrode
64 may be located on an outer surface of its respective spline
60 and the other electrode 64 forming the bipolar electrode
pair may be located on the inner surface of its respective
spline 60. These are just some examples.

[0085] In some cases, each of the flexible splines 60 may
include at least one bipolar electrode pair. In some cases, all of
the electrodes 64 located on the flexible splines 60 may be
paired together to form a plurality of electrode pairs distrib-
uted along the length of the individual flexible splines 60. In
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some cases, the electrode pairs may be located equidistant
from one another along the length of each of the flexible
splines 60. Alternatively, the electrode pairs may have a var-
ied spacing forming an electrode array having an asymmetri-
cal distribution. Up to thirty-two bipolar electrode pairs may
be distributed throughout the electrode assembly 30 for a total
of up to sixty-four electrodes 64 depending upon the overall
size and geometry of the electrode assembly 30. However, it
is contemplated that the electrode assembly 30 may be con-
figured such that itis capable of carrying fewer or greater than
thirty-two bipolar electrode pairs, depending upon the overall
size and geometry of the electrode assembly 30 and the
desired application.

[0086] FIGS. SA and 5B are close-up schematic views of
two illustrative individual flexible members or splines 60
including a plurality of bipolar electrode pairs 72 distributed
along their length. The orientation of the dipole of the bipolar
electrode pair 72 does not affect the ability of the bipolar
electrode pair 72 in sensing local electrical activity of the
heart. However, it may be useful for the clinical or other
individual performing the procedure to know whether the
positive or negative electrode of the bipolar pair is located on
the outer surface 66 of the flexible splines. It will be generally
understood by those skilled in the art that each bipolar elec-
trode pair 72 formed across the flexible splines will have the
same electrical orientation. In addition or alternatively, at
least some bipolar electrode pairs may be formed between
adjacent electrodes on the outer or inner surface 66, 68 of the
splines 60 (not shown). It will be generally understood that
each of the flexible splines 60 forming the electrode assembly
30 will have a similar if not, the same construction, and in
some cases, may be substantially planar or flat.

[0087] AsshowninFIGS. 5A and 5B, the bipolar electrode
pairs 72 may be spaced an equal distance from one another
along the length of the spline 60. In some cases, all of the
bipolar electrode pairs 72 located along the length of each of
the flexible splines 60 of the electrode assembly 30 include a
first electrode 74a located on the outer surface 66 and a
second electrode 745 located opposite the first electrode 74a
on the inner surface 68 of the flexible splines 60. In some
cases, as shown in FI1G. 5A, the electrodes 74a, 745 forming
the bipolar electrode pair 72 may be located directly opposite
one another across the spline 60. In addition or alternatively,
as shown in FIG. 5B, the electrodes 74a, 745 forming the
bipolar electrode pair 72 may be offset from one another such
that the electrodes 74a, 74b forming the bipolar electrode
pairs 72 along the length of the flexible member or spline 60
have a staggered configuration. In some cases, a first elec-
trode 74a located on an outer surface 66 of a spline 60 may be
offset from a second electrode 745 located on the inner sur-
face 68 of the spline 60 by one half the measurable distance
between adjacent electrodes 745 located on the inner surface
of the spline 60. The reverse may also be true. A first electrode
745 located on the inner surface 68 of the spline 60 may be
offset from a second electrode 744 located on the outer sur-
face 66 of the spline 60 by one half the measurable distance
between adjacent electrodes 74a located on the outer surface
66 of the spline 60. In other cases, a first electrode 74a, 74b of
a bipolar electrode pair 72 may be offset from a second
electrode 74a, 74b located on the opposite surface 66 or 68 of
the spline 60 by one quarter, one third, two thirds or three
quarters of the distance between two adjacent electrodes 74 or
74b located on the opposite surface 66 or 68 of the spline 60.
These are just some examples.
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[0088] Referring back to the example shown in FIG. 5A, a
number of advantages may be associated with utilizing mul-
tiple bipolar electrode pairs 72 located on each of the splines
60 of the electrode assembly 30 having a first electrode 74a
located on the outer surface 66 and a second electrode 745
located opposite the first electrode 744 on the inner surface 68
of each of the flexible splines 60. Because the electrodes 74a,
74b forming a bipolar electrode pair 72 are located on oppo-
site surfaces 66, 68 of the flexible spline 60, they may be
spaced closely together, separated only by the thickness ofthe
spline 60. In some cases, the distance between the two elec-
trodes located on the outer and inner surfaces 66, 68 of the
splines 60 may be less than about 1.5 mm, less than about 1.0
mm, less than about 0.8 mm, less than about 0.5 mm and more
particularly, less than about 0.4 mm. Such minimal spacing
between the electrodes 74a, 74b of a bipolar electrode pair 72
may be not be possible if the electrodes 74a, 745 are located
on the same surface (outer or inner) of a spline 60.

[0089] Placing the electrodes 74a, 745 on opposite surfaces
66, 68 may avoid problems such as increased impedance and
susceptibility to noise associated with reducing the size of the
electrodes to minimize the distance between adjacent elec-
trodes. For example, if the individual electrodes forming the
bipolar pair are located on the same surface (outer or inner
surface) of the spline 60, the spacing between the electrodes
may be decreased by decreasing the size of the electrodes
such that they may be spaced more closely together. However,
the reduction in electrode surface area becomes problematic
because the reduced electrode surface area results in an
increase in impedance. Placing the electrodes on opposite
surfaces of the splines may mitigate impedance concerns by
allowing a suitable electrode surface area to be maintained
while decreasing the spacing between electrodes.

[0090] Additionally, the reduced spacing between the elec-
trodes of the bipolar electrode pair 72 resulting from their
location on opposite surfaces of a spline 60 may improve the
ability of the bipolar electrode pair 72 to reject far field noise,
and may facilitate an improved reduction in noise even from
nearby, adjacent tissue. The ability to reject far field signals,
even those generated by adjacent tissue, may improve the
output signal generated by the bipolar pair of electrodes by
reducing and localizing the sensing area to the tissue directly
adjacent the bipolar electrode pair and more particularly, to
the tissue adjacent the electrode located on the outer surface
66 of the spline 60. For example, when the electrodes 74a,
74b of a bipolar electrode pair 72 are located on opposite
surfaces of a spline 60, they may sense nearly the identical far
field signal such that when an activation signal sensed by the
first electrode is subtracted from an activation signal gener-
ated by the second electrode of the bipolar electrode pair, any
noise or other signal pollution resulting from the far field
signal is removed from the resulting bipolar electrogram. In
addition, any differences between the two activation signals
sensed by the first and second electrodes 74a, 746 of the
bipolar electrode pair may be emphasized such as when the
electrode located on the outer surface 66 of the spline 60 is in
contact with heart tissue. The remaining signal after subtrac-
tion may be indicative of the local electrical activation
directly adjacent the electrode in contact with the heart tissue.
Because the signal may be more localized, this may increase
the spatial responsivity of the electrode system which
includes multiple bipolar electrode pairs including a first
electrode located on an outer surface opposite a second elec-
trode located on an inner surface of spline which are used to
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sense multiple activation signals in a similar manner to pro-
duce a map of the electrical activity of the patient’s heart. The
improved output signal indicative of the sensed electrical
activity generated by the bipolar electrode pair may, in turn,
produce an improved bipolar electrogram, and may provide a
better representation of the electrodes’ location in a three-
dimensional space for mapping the electrical activity of the
patient’s heart.

[0091] In addition, because each of the bipolar electrode
pairs may be orientated substantially perpendicular to the
direction of wavefront propagation which may reduce the
sensitivity of the bipolar signal to the direction of wavefront
propagation. Additionally, the perpendicular orientation to
the direction of wavefront propagation may cause the elec-
trode located on the outer surface of the spline to behave in a
unipolar fashion with the electrode located on the inner sur-
face serving substantially as a reference electrode. This phe-
nomenon may be true for each bipolar electrode pair 72
located along the length of the spline 60. Finally, because
each of the electrodes of the bipolar electrode pairs 72 are
substantially co-located in space, this may result in an
improved spatial response pattern to the intrinsic electrical
activity of the patient’s heart resulting in a more accurate
representation (map) of the electrical activity of the patient’s
heart.

[0092] In use, according to some embodiments, bipolar
electrograms measured using electrodes 74a, 74b on oppos-
ing surfaces 66, 68 of each of the splines 60 can also be used
for detecting contact with viable tissue. When the tissue near-
est the electrode 74a located on the outer surface 66 is not
electrically active or is located far away from the electrode
74a, the signals from the two opposing electrodes 74a, 74b
may be substantially identical, and the bipolar electrogram
generated by the bipolar electrode pair 72 will have a small
amplitude. When tissue is nearest the electrode 74a located
on the outer surface 66 and is electrically active, the rapid
spatial decay of the local activation will result in a bipolar
signal having a large amplitude.

[0093] In some embodiments, impedance measurements
can also be used to detect and/or confirm tissue contact. The
impedance measured separately through opposing electrodes
of a bipolar electrode pair 72 may be different because of the
medium through which the signal must travel to reach each
sensing electrode of the bipolar electrode pair 72. For
example, electrode 74a, located on the outer surface 66, may
exhibit a greater impedance than electrode 745, located on the
inner surface 68, which may be in contact with mostly blood.
A bipolar impedance measurement between the two elec-
trodes may therefore rise sharply with tissue contact, provid-
ing a clear and localized indication of tissue contact.

[0094] In still other embodiments, to detect tissue proxim-
ity rather than just contact, opposing electrodes can be used
for a four wire (or more) impedance measurement, with a first
pair of electrodes driving current and a second pair of elec-
trodes measuring voltage. For example, current can be driven
between at least a first adjacent pair of interior electrodes, and
avoltage drop can be measured across a second adjacent pair
of exterior electrodes. Tissue proximity will increase the mea-
sured voltage due to the lower conductivity of tissue relative
to blood. In another example, a current can be driven between
a first pair of opposing electrodes and a voltage can be mea-
sured using one or more nearby opposing pair of electrodes.
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The impedance measurements may be repeated for different
combinations of electrode pairs. These are just some
examples.

[0095] The impedance measurements obtained according
to the different methods as described herein may be used to
determine a distance between the electrode assembly 30 and
the heart tissue. Additionally or alternatively, the impedance
measurements may be used to weight the different activation
times obtained from the bipolar electrograms, and may be
used to indicate which activation times correspond to good
tissue contact. The impedance measurements also may be
used to characterize the tissue being contacted by the different
electrodes such as, for example, to confirm whether or not a
tissue area of interest has been successfully ablated using the
ablation catheter 18.

[0096] FIGS. 6-9D relate to a method of forming an elec-
trode assembly 30 as described herein. In many cases, the
expandable electrode assembly 30, including the flexible
splines 60 having multiple electrodes located on the outer and
inner surfaces 66, 68 may be constructed from a multi-layered
flexible sheet 80 including a first flexible printed circuit 82
adhesively bonded to an upper surface of a substrate and a
second flexible printed circuit 84 bonded to a lower surface of
the same substrate. The first and second flexible printed cir-
cuits 82, 84 define the outer and inner surfaces 66, 68 of each
of the splines 60. FIG. 6 is a cross-sectional view of an
exemplary multi-layered flexible sheet 80 including the first
and second flexible printed circuits 82, 84 from which an
expandable electrode assembly 30, as described herein, may
be constructed. The total thickness L of the flexible sheet 80,
including the two flexible printed circuits 82, 84, is less than
about 0.4 mm and defines the thickness of each of the indi-
vidual splines 60. It will be generally understood that the
flexible sheet 80, including the two flexible printed circuits
82, 84, may be fabricated using a variety of suitable known
techniques for producing circuits, including flexible printed
circuits, having multiple layers. These techniques may
include but are not limited to: laminating, masking, photoli-
thography, etching, plating, sputtering, vapor deposition, and/
or the like. Similar techniques or combination of techniques
may be used to fabricate a single, dual sided flexible printed
circuit as is also described herein.

[0097] In some cases, the multi-layered flexible sheet 80
may include a relatively stiff substrate 86. The substrate 86
may be constructed from Nitinol or some other stiff material
such as a polyimide or polyether ether ketone (PEEK) that
may facilitate shape retention of the electrode assembly 30.
Alternative materials such as, for example, a compliant mate-
rial may be used to form the substrate 86 to obtain the desired
mechanical characteristics. A first flexible printed circuit 82
defining at least a first electrode may be formed on the upper
surface of the substrate 86 and a second flexible printed
circuit 84 defining at least a second electrode may be formed
on the lower surface of the substrate. In forming each of the
first and second flexible printed circuits 82, 84, first metalli-
zation layer 88a, 885 may be bonded to the upper and lower
surfaces of the substrate 86 using an adhesive layer 924, 925.
An insulating layer 96a, 965 may be deposited over the first
metallization layer 88a, 88b. A second metallization layer
1024, 1025 may be formed over the insulating layer 964, 965.
A connection can be formed by constructing a via between the
two metallization layers 88a and 102a and 885, 1025. A via
can be formed by creating a hole through both metallization
layers 88, 102 and the insulating layer 96 and then plating the
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walls of the hole between the two metallization layers 88,
102, to form a metal connection 108a, 1085. A topcoat layer
110a, 1105 may then be provided over the outer metallization
layers 102a, 1025. The topcoat layer 110a, 1105 serves to
insulate portions of the outer metallization layer 102a, 1025
from external contact. Portions of the topcoat layer 110q,
1105 may be removed at selected locations along the flexible
printed circuits 82, 84 and an additional metal layer 112a,
1125 may be sputter-coated or plated onto the exposed por-
tion of the outer metallization layers 102a, 1025 to form the
electrodes 64.

[0098] The material used to form the electrodes 64 may be
selected to reduce impedance of the electrochemical interface
between the electrode 64 and blood. Reducing impedance
may reduce overall system noise. Exemplary electrode mate-
rials include, but are not limited to gold, stainless steel, plati-
num, platinum-iridium, titanium nitride, platinum black or
iridium oxide. In some cases, the electrodes 64 may be fab-
ricated from a gold metal layer coated with iridium oxide.
[0099] In some cases, each flexible spline 60 used to form
an expandable electrode assembly 30, such as described
herein, may be formed from an individual flexible sheet hav-
ing a first flexible printed circuit formed on an upper surface
of substrate and a second flexible printed circuit formed on a
lower surface of a substrate. The individual flexible splines 60
may be mechanically joined together to form an expandable
electrode assembly 30, as described herein.

[0100] Alternatively, the flexible splines 60 may be formed
from a single, dual-sided flexible printed circuit having an
upper surface including a first electrode of at least one bipolar
electrode pair formed therein and a lower surface including a
second electrode of the bipolar electrode pair formed therein.
Tt will be generally understood that the single, dual-sided
flexible printed circuit may include multiple electrodes
formed in the upper and lower surfaces thereof. The elec-
trodes located on opposite surfaces of the splines may define
multiple bipolar electrode pairs having a first electrode
located on the upper surface of the spline and a second elec-
trode located opposite the first electrode on the lower surface.
In some cases, the single, dual-sided flexible printed circuit
may include a stiffened core layer. The stiffened core layer
may incorporate a shape memory material (e.g. Nitinol) or
some other stiff material such as a polyimide or polyether
ether ketone (PEEK) that may facilitate shape retention of the
electrode assembly 30. Alternative materials such as, for
example, a compliant material may be used to form the core
layer to obtain the desired mechanical characteristics.
[0101] In other cases, the flexible members or splines can
also be manufactured from a single, multilayered flexible
printed circuit laminated to a mechanical stiffener. FIGS. 7TA
and 7B show schematic views of the inner and outer surfaces
166, 168 of a portion of a flexible spline 160 incorporating a
single flexible printed circuit and a mechanical stiffener 172.
The flexible printed circuit may have electrodes 164 formed
on both sides of a substrate (e.g. polyimide or PEEK), and
may contain multiple conductive layers (e.g. copper or gold
or another suitable conductive metal or metal alloy) to route
the signal lines from each electrode 160 along the spline 160.
A mechanical stiffener 172, fabricated from a suitable metal
or plastic material, may be laminated to one side of the flex-
ible printed circuit. The stiffener 172 may feature openings
176 that correspond with the inside electrodes of the flexible
circuit, allowing the electrodes 164 to be exposed to the blood
pool in vivo and acquire electrical signals.
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[0102] FIG. 8A shows a top plan view and FIG. 8B is a
bottom plan view of a multi-layered flexible sheet used to
construct an electrode assembly. FIGS. 9A-9D provide a
stepwise illustration of an exemplary method of constructing
the expandable electrode assembly from a flexible sheet 80
including two flexible printed circuits 82, 84, as described
herein. Starting with a planar, flexible sheet 80, as shown in
FIG. 9A, a series of apertures 124 may be formed in a distal
region of the flexible sheet 80 using laser cutting, die cutting,
chemical etching, or another precision cufting means.
Together the plurality of apertures 124 forms a bonding
region 116. A termination section 120 may be formed at the
opposite end of the flexible sheet 80. The termination section
120 may be used to bond the electrode assembly 30 to the
catheter body. Next, as shown in FIG. 9B, the planar flexible
sheet 80 may be wound around a majoraxis 130, bringing first
edge 132 toward a second edge 134 of the flexible sheet 80.
FIG. 9C shows the two edges 132, 134 juxtaposed with both
edges 132, 134 fixed to define a generally cylindrical struc-
ture. In some cases, the edges of the distal bonding region 116
may be secured by encapsulating the distal bonding region
116 with an adhesive, and the edges of termination section
120 may be secured by anchoring or bonding it to a distal
portion of the catheter body. In some cases, as shown in FIGS.
9A-9D, the termination band may include first and second
tabs 136, 138 which may be inserted into a lumen or slot
provided in the catheter body and then secured within and
adhesive or other suitable bonding technique, and which may
include electrical connections to route the electrode signals to
the processing system 20 (FIG. 1). FIG. 9D shows the com-
pleted electrode assembly 30.
[0103] In some cases, the flexible splines 60 may be fully
separated from one another such that they are not connected.
The distal ends of each of the flexible splines may be
mechanically joined together using a band, ring or cap pro-
vided for that purpose. In one example, each of the distal ends
of the separated splines may be inserted into a corresponding
slot provided in a distal cap. The distal ends of the separated
splines may be mechanically interlocked with the cap by a
locking feature formed at the distal end of the spline. The cap
may form an atraumatic tip of the electrode assembly. The
proximal ends of the separated splines may be anchored or
bonded to a distal end of a catheter body. In some cases, the
proximal ends of the separated splines may be first joined
together using a band or ring before anchoring or bonding the
splines to the distal end of catheter body using an adhesive or
potting material.
[0104] Those skilled in the art will recognize that the
present disclosure may be manifested in a variety of forms
other than the specific embodiments described and contem-
plated herein. Accordingly, departure in form and detail may
be made without departing from the scope and spirit of the
present disclosure as described in the appended claims.
What is claimed is:
1. A catheter comprising:
an elongate catheter body extending from a proximal end to
a distal end; and
an expandable electrode assembly disposed at the distal
end of the catheter body, the electrode assembly config-
ured to transition from a collapsed configuration to an
expanded configuration and comprising at least one
flexible member having an outer surface and an inner
surface, wherein the at least one flexible member com-
prises a first electrode disposed on the outer surface of
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the flexible member and a second electrode disposed on
the inner surface of the flexible member.
2. The catheter of claim 1, wherein the first and second
electrodes are configured to form a bipolar electrode pair.
3. The catheter of claim 2, wherein the first electrode is
located directly opposite the second electrode.
4. The catheter of claim 2, wherein the first electrode is
offset from the second electrode.
5. The catheter of claim 1, further comprising two or more
flexible members, each of the two or more flexible members
comprising at least a first electrode disposed on the outer
surface of the flexible member and at least a second electrode
disposed on the inner surface of the flexible member.
6. The catheter of claim 1, wherein the flexible member
comprises at least one flexible printed circuit.
7. The catheter of claim 6, wherein the flexible member
comprises a single, dual sided flexible printed circuit wherein
the first electrode is formed on an outer surface of the flexible
printed circuit and the second electrodes is formed on an inner
surface of the flexible printed circuit.
8. The catheter of claim 1, wherein a distance between the
first electrode and the second electrode is less than about 0.5
mm.
9. The catheter of claim 1, wherein the flexible member
comprises multiple bipolar electrode pairs defined by a first
electrode disposed on the outer surface of a flexible member
and a second electrode disposed on the inner surface each of
the flexible member.
10. A catheter comprising:
an elongate catheter body extending from a proximal end to
a distal end;

an expandable electrode assembly disposed at the distal
end of the catheter body, the electrode assembly config-
ured to transition from a collapsed configuration to an
expanded configuration and comprising two or more
flexible splines having an outer surface and an inner
surface, wherein at least one of the two or more flexible
splines comprises at least a first electrode disposed on
the outer surface of the flexible spline and at least a
second electrode disposed on the inner surface of the
flexible spline.

11. The catheter of claim 10, wherein the first and second
electrodes are configured to form a bipolar electrode pair.

12. The catheter of claim 11, wherein the first electrode is
located directly opposite the second electrode.

13. The catheter of claim 11, wherein the first electrode is
offset from the second electrode.

14. The catheter of claim 10, wherein each of the two or
more splines comprises multiple bipolar electrode pairs
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defined by a first electrode disposed on the outer surface of a
flexible spline and a second electrode disposed on the inner
surface of the flexible spline.

15. The catheter of claim 10, wherein each of the two or
more flexible splines comprises at least one flexible printed
circuit.

16. The catheter of claim 15, wherein the at least one
flexible circuit is a single, dual sided flexible printed circuit
having a first electrode is formed on an upper surface of the
flexible printed circuit and a second electrode formed on a
lower surface of the flexible printed circuit.

17. The catheter of claim 15, wherein each of the two or
more flexible splines comprises a first flexible printed circuit
defining a first electrode formed on an upper surface of a
substrate and a second flexible printed circuit defining a sec-
ond electrode formed on a lower surface of the substrate.

18. A method of forming a flexible electrode assembly, the
method comprising:

forming a flexible electrode assembly comprising at least

one flexible member having an outer surface and an
inner surface, wherein the at least one flexible member
comprises a first electrode disposed on the outer surface
of the flexible member and a second electrode disposed
on the inner surface of the flexible member and wherein
the flexible electrode assembly is configured to transi-
tion from a collapsed configuration to an expanded con-
figuration; and

coupling the flexible electrode assembly to a distal end of

an elongate catheter body.

19. The method of claim 18, further comprising:

forming a flexible layered sheet comprising at least one

flexible printed circuit defining a first electrode on an
outer surface of the flexible layered sheet and a second
electrode on an inner surface of the flexible layered
sheet;

separating the flexible layered sheet into two or more flex-

ible members, each flexible member having a first elec-
trode located on an outer surface and a second electrode
located on an inner surface; and

forming the expandable electrode assembly from at least

one of the flexible members.

20. The method of claim 18, further comprising forming an
expandable electrode assembly from two or more flexible
members by joining the two or more flexible members
together at least at a first end of each of the two or more
flexible members.
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