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ARTICULATED CATHETER

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional
Application Serial No. 60/571,732 entitled “ARTICULATED CATHETER” and filed on

May 17, 2004, which is herein incorporated by reference in its entirety.

BACKGROUND OF INVENTION
1. Field of Invention
The invention relates generally to mapping and/or ablation catheters, and more

specifically to methods and apparatuses for manipulating elongated, flexible shafts.

2. Discussion of Related Art

The human heart is a very complex organ which relies on both muscle
contraction and electrical impulses to function properly. The electrical impulses travel
through the heart walls, first through the atria and then the ventricles, causing the
corresponding muscle tissue in the atria and ventricles to contract. Thus, the atria
contract first, followed by the ventricles. This order is essential for proper functioning of
the heart.

In some individuals, the electrical impulses of the heart develop an irregular
propagation, disrupting the heart’s normal pumping action. The abnormal heartbeat
rhythm is termed a “cardiac arrhythmia.” Arrhythmias'may occur when a site othér than
the sinoatrial node of the heart is initiating rhythms (i.e., a focal arrhythmia), or when
electrical signals of the heart circulate repetitively in a closéd circuit (i.e., a reentrant
arrhythmia).

Techniques have been developed which are used to locate cardiac regions
responsible for the cardiac arrhythmia, and also to disable the short-circuit function of
these areas. According to these techniques, electrical energy is applied to a portion of
the heart tissue to ablate that tissue and produce scars which interrupt the reentrant
conduction pathways or terminate the focal initiation. The regions to be ablated are
usually first determined by endocardial mapping techniques. Mapping typically involves

percutaneously introducing a catheter having one or more electrodes into the patient,
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passing the catheter through a blood vessel (e.g. the femoral vein or artery) and into an
endocardial site (e.g., the atrium or ventricle of the heart), and deliberately inducing an
arrhythmia so that a continuous, simultaneous recording can be made with a
multichannel recorder at each of several different endocardial positions. When an
arrythormogenic focus or inappropriate circuit is located, as indicated in the
electrocardiogram recording, it is marked by various imaging or localization means so
that cardiac arrhythmias emanating from that region can be blocked by ablating tissue.
An ablation catheter with one or more electrodes can then transmit electrical energy to
the tissue adjacent the electrode to create a lesion in the tissue. One or more suitably
positioned lesions will typically create a region of necrotic tissue which serves to disable
the propagation of the errant impulse caused by the arrythromogenic focus. Ablation is
carried out by applying energy to the catheter electrodes. The ablation energy can be, for

example, RF, DC, ultrasound, microwave, or laser radiation.

SUMMARY OF INVENTION

According to one embodiment of the invention, a catheter comprises an elongated
flexible shaft including a flexible distal tip having a first segment that is bendable, a
second segment that is immediately proximal to the first segment and has a stiffness that
is greater than the first segment, a main shaft that is proximal to the flexible distal tip, a
pull wire main lumen, and a first pull wire satellite lumen, the first pull wire satellite
lumen extending from the first bendable segment into the second segment. The catheter
further comprises a first pull wire that has a distal portion anchored within the flexible
distal tip, travels within the first pull wire satellite lumen and into the pull wire main
lumen, and attaches to a first pull wire actuation element.

In some embodiments, the first pull wire satellite lumen may extend at least two
millimeters into the second segment, at least three millimeters into the second segment,
at least five millimeters into the second segment, at least ten millimeters into the second
segment, or through the entire length of the second segment. The second segment may
be formed of the same materials as the main shaft. The second segment may be
separately distinguishable from the main shaft. In some embodiments the second
segment is less stiff than the main shaft, while in other embodiments, the second segment

is stiffer than the main shaft.
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In some embodiments, the catheter further comprises a second pull wire satellite
lumen that extends from the first bendable segment into the second segment, and a
second pull wire that is anchored within the flexible distal tip, travels within the second
pull wire satellite lumen and into the pull wire main lumen, and attaches to a second pull
wire actuation element. Actuating the second pull wire actuation element bends the first
bendable segment in a direction that is different from a direction that the first bendable
segment bends in response to actuation of the first pull wire actuation element.

In some embodiments, the first bendable segment is a distal bending segment and
the flexible distal tip further comprises a proximal bending segment, the first pull wire
being anchored within one of the proximal bending segment and the distal bending
segment, and a third pull wire being anchored within the other of the proximal bending
segment and the distal bending segment, the third pull wire being attached to a third pull
wire actuation element.

In some embodiments, actuation of the first pull wire actuation element bends
one of the proximal bending segment and the distal bending segment in a direction
opposite to the direction that the other of the proximal bending segment and the distal
bending segment bends in response to actuation of the third pull wire actuation element.

In some embodiments, the first pull wire is anchored within the distal bending
segment, the third pull wire is anchored within the proximal bending segment, and
actuation of the first pull wire actuation element and the third pull wire actuation element
bends the distal bending segment and the proximal bending segment within substantially
the same plane. ‘In some embodiments, actuation of the first pull wire actuation element
bends the distal bending segment in a direction opposite to the direction that the proximal
bending segment bends in response to actuation of the third pull wire actuation element.

In some embodiments, the catheter further comprises a second pull wire satellite
lumen, and a second pull wire that has a distal portion anchored within the distal bending
segment of the flexible distal tip, travels within the second pull wire satellite lumen and
into the pull wire main lumen, and attaches to a second pull wire actuation element. The
catheter further comprises a fourth pull wire satellite lumen, and a fourth pull wire that
has a distal portion anchored within the proximal bending segment of the flexible distal

tip, travels within the fourth pull wire satellite lumen and into the pull wire main lumen,
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and attaches to a fourth pull wire actuation element. Actuation of the second pull wire
actuation element bends the distal bending segment of the flexible distal tip in a direction
that is different from a direction that the distal bending segment bends in response to
actuation of the first pull wire actuation element. Actuation of the fourth pull wire
actuation element bends the proximal bending segment of the flexible distal tip in a
direction that is different from a direction that the proximal bending segment bends in
response to actuation of the third pull wire actuation element.

In some embodiments, the catheter further comprises a flat wire and a flat wire
lumen, the flat wire extending along at least a portion of the flexible distal tip within the
flat wire lumen. The flat wire has a distal end and a proximal end, and the distal end
may not be secured. The flat wire has a distal end and a proximal end, and the distal end
may be free to rotate upon initial bending of the flexible distal tip.

According to another embodiment of the invention, a catheter comprises an
elongated flexible shaft comprising a pull wire lumen, a pull wire for bending a first
segment of the elongated flexible shaft, the pull wire being anchored within the
elongated flexible shaft, extending through the pull wire lumen and attachable to a pull
wire actuation element. The catheter further comprises a flat wire lumen and a flat wire
positioned within the flat wire lumen and having a longitudinal axis, a proximal end and
a distal end, the flat wire being free to rotate about the longitudinal axis upon initial
bending of the first segment.

The flat wire lumen and the flat wire may be constructed and arranged such that
upon further bending of the first segment, contact between the flat wire and the flat wire
lumen prevents the flat wire from rotating. The catheter may further comprise a second
segment that is a proximal bending segment of a flexible distal tip, wherein the first
segment is a distal segment of the flexible distal tip. The flat wire may maintain the first
and second segments in substantially the same plane when at least one of the segments is
bent. The first and second segments may be bendable in opposite directions. The first
and second segments may be independently bendable. In some embodiments, the first
segment may be bendable in a first plane and the second segment may be independently
bendable in a different plane.

According to a further embodiment of the invention, a catheter comprises an

elongated flexible shaft comprising a main shaft portion, a first pull wire disposed within
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the elongated flexible shaft, a second pull wire disposed within the elongated flexible
shaft, and a flexible distal tip including a proximal bending segment and a distal bending
segment, the proximal bending segment being bendable by pulling the first pull wire
such that the proximal bending segment bends in a first direction and within a plane, the
distal bending segment being bendable by pulling the second pull wire such that the
distal bending segment bends in a second direction that is opposite to the first direction
and substantially within the same plane as the proximal bending segment. The catheter
further comprises a flat wire lumen and a flat wire extending through the flat wire lumen.

In some embodiments, the flat wire maintains the proximal and distal bending
segments in substantially the same plane when at least one of the segments is bent. The
proximal and distal bending segments may be bendable in opposite directions. In some
embodiments, the proximal and distal bending segments are independently bendable.

In some embodiments, the catheter further comprises a transition segment
interposed between the distal bending segment and the proximal bending segment, the
transition segment having a stiffness that is greater than the distal bending segment. The
catheter further comprises a pull wire main lumen and a pull wire satellite lumen for
guiding the second pull wire, the pull wire satellite lumen extending from the distal
bending segment into and through the transition segment, wherein the second pull wire is
guided into the pull wire main lumen at a location that is proximal to the transition
segment. |

According to further embodiments, methods of using catheters described herein
comprise the steps of introducing a catheter into a patient, and actuating pull wires of the
catheter to manipulate a flexible distal tip into configurations described herein using one

or more of the elongated flexible shaft embodiments described herein.

BRIEF DESCRIPTION OF DRAWINGS
The accompanying drawings are not intended to be drawn to scale. In the
drawings, each identical or nearly identical component that is illustrated in various
figures is represented by a like numeral. For purposes of clarity, not every component
may be labeled in every drawing. In the drawings:
FIG. 1 illustrates an overview of a mapping and/or ablation catheter system in

accordance with one embodiment of the present invention;
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FIG. 2A illustrates a conventional embodiment of a pull wire arrangement in a
catheter having a flexible distal tip;

FIG. 2B is a cross-sectional view taken along line IIB-IIB of FIG. 2A;

FIG. 3A illustrates one embodiment of the present invention including a pull wire
arrangement;

FIG. 3B is a cross-sectional view taken along line IIIB-IIIB of FIG. 3A;

FIG. 3C is a cross-sectional view taken along line IIIC-IIIC of FIG. 3A;

FIG. 4 illustrates one embodiment of a dual-bend catheter with a distal bending
segment bent in an opposite direction to a proximal bending segment and contacted to
endocardial tissue;

FIG. 5 illustrates the embodiment shown in FIG. 4 with the distal bending
segment bent in the same direction as the proximal bending segment;

FIG. 6 illustrates another embodiment of a dual-bend catheter with the distal
bending segment bent in the opposite direction as the proximal bending segment;

FIG. 7 illustrates another embodiment of a dual-bend catheter with the distal
bending segment bent in the same direction as the proximal bending segment;

FIG. 8 illustrates one embodiment of a dual-bend catheter having a pull-wire
arrangement;

FIG. 9 illustrates another embodiment of a dual-bend catheter having a pull-wire
arrangement;

FIG. 10 illustrates an embodiment of a dual-bend catheter that includes two flat
wires;

FIG. 11 is a cross-sectional view taken along line XI-XI of FIG. 10; and

FIG. 12 is a perspective view of longitudinal cross-section a catheter that includes

flat wires with at least one free end.

DETAILED DESCRIPTION
This invention is not limited in its application to the details of construction and
the arrangement of components set forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments and of being practiced or of
being carried out in various ways. Also, the phraseology and terminology used herein is

for the purpose of description and should not be regarded as limiting. The use of
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“including,” “comprising,” or “having,” “containing,” “involving,” and variations thereof
herein, is meant to encompass the items listed thereafter and equivalents thereof as well
as additional items.

The catheters described herein may be used to perform electrophysiology
procedures at a region of the heart sought to be diagnosed or treated. In particular, the
distal bending segment of a catheter may be positioned at a desired location in the heart
such that one or more ablation, pacing, and/or mapping electrodes located on the distal
bending segment are in contact with the heart.

System Overview

Reference is now made to FIG. 1, which illustrates an overview of a mapping
and/or ablation catheter system in accordance with one embodiment of the present
invention. The system includes a catheter 10 having a shaft portion 12, a control handle
14, a connector portion 16, and electrodes 18, 20, 22 and 24. Control handle 14 may
include actuation elements, such as a thumb wheel 26 or a slider 28, for bending
segments of shaft portion 12. A controller 8 is connected to connector portion 16 via
cable 6. Ablation energy generator 4 may be connected to controller 8 via cable 3. A
recording device 2 may be connected to controller 8 via cable 1. When used in an
ablation application, controller 8 is used to control ablation energy provided to catheter
10 by ablation energy generator 4. When used in a mapping application, controller 8 is
used to process signals coming from catheter 10 and to provide these signals to recording
device 2. Although illustrated as separate devices, recording device 2, ablation energy
generator 4, and controller 8 could be incorporated into a single device or two devices.

In this description, various aspects and features of the present invention will be
described. The various features of the invention are discussed separately for clarity. One
skilled in the art will appreciate that the features may be selectively combined in a device
depending upon the particular application. Furthermore, any of the various features may
be incorporated in a catheter and associated method of use for either mapping and/or
ablation procedures.

FIGS. 2A and 2B show a conventional catheter having a flexible distal tip 30, a
main shaft 32, a distal tip electrode 18, a lumen 34 for electrode lead wires, first.and
second pull wire satellite lumens 36 and 38, and first and second pull wires 40 and 42.

Distal ends of pull wires 40 and 42 are anchored at anchor locations 44 and 46,
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respectively, within the flexible tip. Proximal ends of pull wires 40, 42 are anchored to
pull wire actuation elements (not shown). Pull wires 40, 42 travel through pull wire
satellite lumens 36, 38 in the flexible distal tip and then transition to a pull wire main
lumen at the transition of flexible distal tip 30 to main shaft 32. A pull wire main lumen
is not shown in FIGS. 2A and 2B, but a pull wire main lumen 54 is shown in FIG. 3C.

Flexible distal tip 30 has a lower stiffness than main shaft 32. As such, when first
pull wire 40 is pulled, flexible distal tip 30 bends in a first direction (to the right as
viewed in FIG. 2A), with the bend starting approximately at the transition of flexible
distal tip 30 to main shaft 32. The difference in stiffness of main shaft 32 and flexible
distal tip 30 can be accomplished in various ways, including using different shaft
materials and/or including stiffener wires within the elongated shaft. A desired location
and configuration of a bend may be achieved by selecting the anchor location of the pull
wires and the stiffnesses of various segments of the elongated flexible shaft.

It should be noted that for purposes herein, the term “stiffness” refers to bending
stiffness. The stiffness of a shaft, a distal tip, or a bending segment is not intended to be
restricted to the stiffness of shaft material, but rather to the bending stiffness of the
element as a whole (for example, a shaft may include stiffening wires) in the relevant
bending direction.

The term “pull wire satellite lumen”, for purposes herein, refers to a lumen
through which a pull wire can be passed, the satellite lumen being positioned at a radial
distance from a center axis of the elongated flexible shaft, or a reference axis in the case
of a shaft that does not have a center axis. A pull wire main lumen is typically
positioned near to or on a center axis of the elongated flexible shaft, although such a
position is not required.

Lumens given certain names in the present application are not restricted in use to
their given names. For instance, a pull wire lumen may include an electrode wire or a
stiffening wire in addition to a pull wire, and thereby also function as an electrode wire
lumen.

The pull wire actuation elements mentioned above may include a thumb wheel or
a slider, as described with reference to FIG. 1. The term “pull wire actuation element”
can refer to the connection location of the pull wire to the thumb wheel (or slider, or

other element), such that a single thumb wheel may have two (or more) actuation
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elements — one each for the pull wires that are connected to the thumb wheel. In some
embodiments, two pull wires that bend a catheter segment in opposite directions are
attached to the same thumb wheel or slider. The term “pull wire actuation element” can
also refer to the thumb wheel (or slider or other element) as a whole. The type or types
of pull wire actuation elements used are not intended to be limiting.

Transition Segment

A transition segment is included in certain embodiments of the catheter to
improve the reliability and/or ease of distal tip manipulation. As shown in FIG. 3B, a
transition segment 48, having a higher stiffness than flexible distal tip 30, includes
satellite lumens 50 and 52 such that pull wires 40, 42 are positioned toward the outer
radial edge of the catheter proximal to the start of the bend of flexible distal tip 30. In
the conventional catheter shown in FIG. 2A, the transition of the pull wires from the
satellite lumens to the main lumen occurs at approximately the same location as the
transition from the flexible distal tip to the main shaft, the distal tip to main shaft
transition representing a change in stiffness. According to embodiments of the invention,
the transition of the pull wires occurs proximal to the change in stiffness.

Transition segment 48 may have the same stiffness as main shaft 32, or it may
have a stiffness that is in between the stiffness of main shaft 32 and the stiffness of
flexible distal tip 30. In some embodiments, transition segment 48 is part of main shaft
32, i.e., the transition of the pull wires from the satellite lumens to the main lumen occurs
within the main shaft at a certain distance proximal to the distal end of main shaft 32.

As shown in FIG. 3B, within transition segment 48, satellite lumens 50, 52 may
be positioned from a central axis of elongated shaft 12 by the same radial distance as
satellite lumens 40, 42 are positioned from a central axis of flexible distal tip 30. In
some embodiments, satellite lumens 50, 52 may gradually move toward the central axis,
starting at any point within transition segment 48. It should be noted that a lumen which
extends from one segment of the elongated shaft to another segment of the elongate shaft
may be considered a single lumen. For example, satellite lumen 42 of flexible distal tip
30 extends into satellite lumen 52 of transition segment 48, and these two lumens may be
considered to be a lumen that extends from the flexible distal tip into the transition
segment. Similarly, multiple wires, cables, filaments, etc. may be linked together to

form a single pull wire.
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Transition element 48 may be immediately proximal to flexible distal tip 30. For
purposes herein, regarding shaft segments, the terms “immediately proximal to” or
“immediately distal to” mean that no other segments are interposed between two shaft
segments. The terms “proximal to” and “distal to”, for purposes herein, regarding shaft
segments, allow for additional segments to be interposed between two shaft segments.

In one embodiment, transition element 48 is five millimeters in length, but in
other embodiments transition element 48 may be any suitable length. For example,
transition element 48 may be at least two millimeters, at least three millimeters, at least
ten millimeters, or more in length.

FIG. 3C shows the position of pull wire main lumen 54 and pull wires 40, 42
within main shaft 32 of the elongated shaft. It should be noted that multiple pull wire
main lumens may be used instead of one pull wire main lumen. The term “pull wire
main lumen”, for purposes herein, does not require that the lumen be present only with
the main shaft of the elongated shaft. The term “pull wire main lumen” describes a
lumen that is more central and/or contains more pull wires than a pull wire satellite
lumen with which the pull wire main lumen is associated. A pull wire main lumen is
often proximal to one or more pull wire satellite lumens. In the case of a satellite lumen
extending substantially the entire length of the elongated flexible shaft, i.e., from a
bending segment in the flexible distal tip to the catheter handle, the satellite lumen in the
proximal region of the shaft would be considered a main lumen.

The embodiment illustrated in FIG. 3A includes a transition segment that is
located proximal to the change in shaft stiffness. In some embodiments, the transition of
the pull wires from satellite lumens to a main lumen may occur distal to a substantial
change in shaft stiffness. For example, progressing from a distal tip electrode to a main
shaft, an elongated shaft may include: a distal tip electrode; a flexible distal tip segment
with a first stiffness and having pull wires in satellite lumens; a transition segment where
the pull wires transition to a main lumen, the transition segment having the same (or
similar) stiffness as the flexible distal tip; a segment with the pull wires in a main lumen,
the segment having the same (or similar) stiffness as the flexible distal tip; and finally a
main shaft section having a second stiffness that is greater than the distal segments. In
this manner, the transition of the pull wires to the main lumen from the satellite lumens

occurs distal to the transition in shaft stiffness, thereby separating the two transitions.
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Multiple Bending Segments

To effectively treat a cardiac arrhythmia, a lesion having sufficient dimensions
must be created in the heart. Larger lesions are desirable to form an effective conduction
block. A relationship has been shown between increased electrode length and increased
lesion size, for example due to increased convective cooling of larger electrodes.
However, the positioning of the electrode relative to the heart is important to realize the
advantages of the increased electrode length. In particular, larger lesions (e.g., in width
and length) may result when the electrode used to deliver radiofrequency (RF) energy is
positioned parallel, rather than perpendicular, to the endocardial surface. In practice, it
can be difficult to position an ablation electrode disposed at the distal tip of a catheter
parallel to the endocardial surface. In view of the foregoing, improved methods and
apparatuses for configuring a catheter to facilitate placement of the distal tip of the
catheter parallel to the endocardial surface will be described.

FIG. 4 illustrates an elongated shaft 12 of a catheter having a flexible distal tip 30
which includes a distal bending segment 56 and a proximal bending segment 58. The
distal bending segment 56 comprises an ablation electrode 18. According to one
embodiment, ablation electrode 18 is approximately four millimeters in length. In other
embodiments, ablation electrode 18 may be longer, such as between five millimeters and
twelve millimeters, and more particularly, five or eight millimeters. Outer diameters of
electrodes and the shaft may be any suitable diameter, and in some embodiments, the
electrodes and shaft have a 7F or 8F outer diameter. In the illustrated embodiment, distal
bending segment 56 also includes a reference electrode 24, and two mapping electrodes
20 and 22, each of which is approximately one millimeter in length. Not all of the
illustrated electrodes are required, and one or more additional electrodes, whether
ablation, mapping, or pacing, may be added. It should be appreciated that other catheter
configurations may have a different electrode configurations within the flexible distal tip -
of the catheter. For example, the electrode configuration may comprise any combination
of one or more ablation, pacing, and/or mapping electrodes. Such electrodes may
comprise ring electrodes, tip electrodes, movable electrodes, and/or irregularly shaped
electrodes.

Distal bending segment 56 and proximal bending segment 58 may be

independently controllable with bending segment manipulation mechanisms. For
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purposes herein, “independently controllable” or “independently bendable”, in relation to
two or more bending segments, mean that each bending segment can be bent without
substantially affecting the angle of deflection of another bending segment. The bending
segment manipulation mechanisms may include any suitable manipulation mechanisms
known in the art, for example, the control mechanisms described in U.S. Patent No.
5,383,852 to Stevens-Wright, U.S. Patent No. 5,462,527 to Stevens-Wright et al., and
U.S. Patent No. 5,935,102 to Bowden et al., each of which is hereby incorporated by
reference herein in its entirety. A bending segment manipulation mechanism for the
proximal bending segment may be adapted to deflect the proximal bending segment 38,
for example, in a semicircular shape. A bending segment manipulation mechanism for
the distal bending segment may be adapted to deflect the distal bending segment 56, for
example, to form a bend 60 (e.g., a ninety degree bend).

As discussed above, bend 60 may be formed at a proximal end of the distal
bending segment 56. Bend 60 may be a substantially ninety degree bend, and may have
a radius of curvature that is smaller than one that may be formed in proximal bending
segment 58. Distal bending segment 56 may be bendable in two opposite directions
relative to a central axis of the catheter or “bidirectionally bendable.” For example,
distal bending segment 56 in FIG. 4 is shown to have a bend at an angle that differs by
one hundred-eighty degrees relative to the angle of distal bending segment 56 in FIG. 5.

For purposes herein, the term “opposite direction” does not mean a one hundred-
eighty degree difference between two directions. The term “opposite direction”,
specifically in relation to bending shaft segments, means an opposite direction of rotation
or sweep of a segment. For example, a distal tip segment bent in a clockwise direction
by twenty degrees from a reference axis is considered to be bent in an opposite direction
to the distal tip segment being bent thirty degrees in a clockwise direction from the
reference axis. Further, if a proximal bending segment is bent in a clockwise direction,
and a distal bending segment which extends from the proximal bending segment is bent
in a counterclockwise direction relative to the distal end of the proximal segment, the
distal bending segment is considered to be bent in an opposite direction to the proximal
bending segment. An example of such a configuration is illustrated in FIG. 9. It should
be appreciated that even though both segments are bent ninety degrees in FIG. 9, the

segments may be bent by a lesser or greater amount and still be considered bent in an



10

15

20

25

30

WO 2005/113057 PCT/US2005/017338

-13-

opposite direction. In some embodiments, a first bending segment may be deflectable in
a first plane while a second bending segment is independently deflectable in a second,
different, plane.

It should be noted that proximal bending segment 58 and distal bending segment
56 need not be immediately adjacent to one another within a flexible distal tip — a non-
bending segment may be interposed between the two bending segments. Also, additional
bending segments may be included within flexible distal tip 30 or elsewhere within
elongated flexible shaft 12. For example, flexible distal tip 30 may include three, four,
or more bending segments. A flexible distal tip need not include only flexible segments.
Substantially inflexible segments or components may be included, for example a stiff
distal tip electrode, or a stiff plastic shaft segment.

According to one aspect of the invention, distal bending segment 56 is
substantially straight distal to bend 60. The stiffness and length of tip electrode 18 may
cause distal bending segment 56 to remain substantially straight and/or distal bending
segment 56 may be preformed to have a generally straight shape. In some embodiments,
pull wires for distal bending segment 56 may be anchored toward the proximal end of
distal bending segment 56. According to one embodiment, the distal bending segment is
approximately eighteen millimeters in length. In some embodiments, distal bending
segment 56 may be any suitable length, such as nineteen millimeters or twenty-two
millimeters.

Proximal bending segment 58 may be controlled to form an arcuate shape.
Although the arcuate shape may be formed in any known manner, according to one
embodiment, the manipulation mechanism used to control the proximal bending segment
section 58 comprises a pull wire anchored near a distal end of the proximal bending
segment 58. A pair of pull wires may alternatively be used, for example if bidirectional
bending or active straightening of proximal bending segment 58 is desired. FIGS. 4 and
5 show proximal bending segment 58 having a curve that is generally semicircular (i.e.,
an approximately one hundred-eighty degree arc). FIGS. 6 and 7 show proximal bending
segment 58 forming an approximately ninety degree arc.

In FIG. 4, the elongated shaft is configured such that distal bending segment 56 is
positioned in a parallel orientation with respect to endocardial tissue 62 and the entire

length of distal tip ablation electrode 18 is in contact with endocardial tissue 62. Only
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one side of ablation electrode 18 is shown contacting tissue 62 in FIG. 4. It may
therefore be desirable to include a plurality of thermocouples in electrode 18 posifioned
so that a thermocouple is located on the tissue side of the ablation electrode for a given
tip configuration. In the illustrative embodiment of FIG. 4, a thermocouple 64a may be
used when the side of ablation electrode 18 that includes thermocouple 64a is in contact
with tissue 62 (e.g., when the catheter is positioned as shown in FIG. 4). Similarly,
thermocouple 64b may be used when the side of ablation electrode 18 that includes
thermocouple 64b is located is in contact with tissue 62. Wires (not shown), coupled to
thermocouples 64a and 64b, transmit signals indicative of a temperature detected by
thermocouples 64a and 64b. A switch may be included, for example on a handle of the
catheter, to control the activation or transmission of signals from thermocouples 64a and
64b in accordance with the configuration of the flexible distal tip.

FIG. 7 shows a flexible elongated shaft 12 which includes an optional
localization sensor 70 that can be used to determine the location of the catheter in a
patient. Localization sensor 70 may, for example, be an electromagnetic sensor that is
fixed within distal bending segment 56 of flexible tip 30 using any suitable mechanism,
such as glue or solder. Localization sensor 70 generates signals indicative of the location
of the electromagnetic sensor. A wire (not shown) electrically connects localization
sensor 70 to a controller to allow generated signals to be transmitted to the controller for
processing.

In addition to the localization sensor 70 fixed within distal bending segment 56 of
the flexible distal tip, a second localization sensor (not shown) may optionally be
provided that is fixed relative to the patient. The second localization sensor may be
attached, for example, to the patient’s body, and serves as a reference sensor. A
magnetic field is also provided, which is exposed to the localization sensors. Coils
within each localization sensor generate electrical currents when exposed to the magnetic
field. The electrical current generated by the coils of each sensor corresponds to a
position of each sensor within the magnetic field. Signals generated by the reference
localization sensor and localization sensor 70 are analyzed by the controller to ascertain a
precise location of localization sensor 70. Further details of performing localization
using electromagnetic sensors are provided in U.S. Patent No. 5,694,945, which is

hereby incorporated by reference in its entirety.
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As an alternative to the use of electromagnetic sensors other conventional
techniques, such as ultrasound or magnetic resonance imaging (MRI) can also be used
for localization of the catheter. Details of performing localization using ultrasound are
provided in U.S. Patent Nos. 6,212,027 and 5,820,568, which are hereby incorporated by
reference in their entireties. Moreover, an impedance-based sensor can also be
incorporated into the catheter. In an impedance-based system, several, such as three,
high frequency signals are generated along different axes. The catheter electrodes may
be used to sense these frequencies, and with appropriate filtering, the strength of the
signal and thus the position of the catheter can be determined. Details of an impedance
based system are provided in U.S. Patent No. 5,983,126, which is hereby incorporated by
reference in its entirety. One skilled in the art will appreciate that the construction of
catheters of the various types described herein may be optimized to make use of the
various localization techniques.

Transition Segment in Combination with Dual-Bend Catheter

Transition segment 48, as described above with reference to FIGS. 3A - 3C, may
be implemented in combination with a flexible distal tip having two independently
controllable bending segments. As illustrated in FIG. 8, transition segment 48 is
positioned between distal bending segment 56 and proximal bending segment 58. As
described above, transition segment 48 can be helpful in improving the reliability and
ease of deflecting a bending segment. This advantage may be more noticeable when
transition element is positioned between two bending segments. By separating the
transition of distal bending segment pull wires 80, 82 from a location 84 of a transition
of segment stiffness, stresses on pull wires 80, 82 may be reduced.

FIG. 9 illustrates a dual-bend flexible distal tip 30 which includes two transition
segments 48 and 49. The pull wire lumens and pull wires may be arranged in a similar
manner to the arrangements described above with reference to FIG. 8, but may include
an additional transition segment 49 positioned proximally to proximal bending segment
58.

Flat Wire in Combination with Multiple Bending Segments

When bending different segments of a flexible distal tip, it may be desirable to
maintain the segments within the same plane. When one segment is bent in an opposite

direction to another segment, the segments may tend to twist, thereby taking the
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segments out of a common plane. Additionally, a bidirectionally bendable segment also
may tend to twist or change bending planes. To help maintain the segments within the
same plane, one or more flat wires may be included within the flexible distal tip.

A cross-sectional view of one type of flat wire is illustrated in FIG. 11 where
rectangular flat wires 100 and 102, due to their geometry, tend to resist bending in the
horizontal directions (as viewed in FIG. 11) and allow bending in the vertical directions
of a flexible distal tip 30. In some embodiments, other flat wire geometries may be used
to perform the same function. In some embodiments, a coniposite material or other
orthotropic material may be used to form a stiffening wire that acts similarly to a flat-
shaped wire without having a flat cross-section. For purposes herein, a stiffening wire
that provides a bending stiffness in a first direction within an axial cross-sectional plane
that is greater than a stiffness provided in a second direction within the same axial cross-
sectional plane is considered to be a flat wire. While rectangular flat wires are used in
some embodiments, flat wires of any suitable size and shape may be used.

Flat wires 100, 102 reside within flat wire lumens 104, 106, which may be
positioned at locations offset by ninety degrees from pull wire lumens 36, 38. Proximal
bending segment pull wires 40, 42 are shown in lumens 36, 38 and distal bending
segment pull wires 80, 82 are shown in pull wire main lumen 54. Flat wires 100, 102
may extend partially or completely thfough flexible distal tip 30. In one embodiment,
the flat wires extend from a proximal end of proximal bending segment 58 to a location
distal to a longitudinal anchor location for the proximal bending segment pull wires (the
longitudinal anchor location for the proximal segment pull wires may be near to a the
transition of proximal bending segment 58 to distal bending segment 56). In some
embodiments, the flat wires may extend into distal bending segment 56 on the distal end,
and/or may extend into main shaft 32 on the proximal end. In some embodiments, the
flat wires may reside only in distal bending segment 56. One or more axially-slidable
flat wires may be implemented such that a user may establish the longitudinal position(s)
of the flat wire(s).

Flat wire 100, 102 are formed of 304 stainless steel in some embodiments, but
any suitable material may be used, for example, nitinol or other shaped memory alloys.
Instead of exactly two flat wires, as shown in the embodiment illustrated in FIG. 11, one

flat wire, or three or more flat wires may be used. In embodiments including multiple
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flat wires, each flat wire does not necessarily have to extend along the same length of
flexible elongated shaft 12, nor does each flat necessarily have to have the same
geometry or stiffness.

The plane in which the two or more bending segments bend, relative to the main
shaft, may be determined by securing flat wires 100, 102 in a certain rotational
orientation. For example, in the embodiment shown in FIGS. 10 and 11, the orientation
of flat wires 100, 102 can be secured such that proximal bending segment 58 and distal
bending segment 56, shown in FIG. 10, bend only within the plane of the page.

Floating Flat Wire

In some conventional catheters, when flat wires are used within flexible shafts,
each flat wire is sized to fit closely within its flat wire lumen. If a flat wire becomes
twisted, such an arrangement may lead to the flat wire remaining twisted due to friction
with the lumen walls. In embodiments of the present invention, one or more flat wires
are allowed to “float” within a lumen. In such embodiments, the flat wire lumen is sized
to have a dimension that is slightly smaller than the lumen such that the flat wire is free
to rotate about its longitudinal axis within the lumen. Upon initial bending of the
segment in which the flat wire resides, the flat wire orients itself such that the shaft may
continue to bend in the same direction. After a certain amount of bending, the flat wire
engages the lumen and the flat wire is not longer free to rotate. Once engaged, the flat
wire may serve as a stiffening member and/or torque transmitter.

FIG. 12 shows a longitudinal cross-section of a portion of a proximal bending
segment 58 according to one embodiment of the invention, including two flat wires 110
and 112 which are free to rotate upon initial bending of bending segment 58.

Flat wires 110, 112 may extend partially or completely through flexible distal tip
30. In one embodiment, the flat wires extend from a proximal end of proximal bending
segment 58 to a location distal to an anchor point for the proximal bending segment pull
wires. The distal ends of flat wires 110, 112 may extend into a distal bending segment,
and/or the proximal ends of flat wires 110, 112 may extend into a main shaft. In some
embodiments, the flat wires may reside only in a distal bending segment.

As can be seen in FIG. 12, flat wires 110, 112 are not as wide as lumens 104,
106, and distal ends 114, 116 of flat wires 110, 112 are not secured to bending segment

58. In such an arrangement, flat wires 104, 106 may be rotated when bending segment
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58 is bent in various directions. For example, if bending segment 58 is bent downwardly
(as viewed in FIG. 12), flat wires 104, 106 may rotate ninety degrees such that their
wider widths are oriented horizontally. Once bending segment 58 is sufficiently bent,
flat wires 104, 106 engage with the walls of lumens 104, 106 and are no longer free to
rotate. In an engaged state, flat wires 104, 106 may increase the bending and/or torsional
stiffness of bending segment 58.

It should be appreciated that one, two, three, four, or more flat wires may be used
within a bending segment. Additionally, one or more flat wires within a bending
segment may be unsecured, while others may be secured.

Having thus described several aspects of at least one embodiment of this
invention, it is to be appreciated various alterations, modifications, and improvements
will readily occur to those skilled in the art. Such alterations, modifications, and
improvements are intended to be part of this disclosure, and are intended to be within the
spirit and scope of the invention. Accordingly, the foregoing description and drawings
are by way of example only.

What is claimed is:
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CLAIMS

1. A catheter comprising:
an elongated flexible shaft including:
a flexible distal tip having a first segment that is bendable;
a second segment that is immediately proximal to the first segment and
has a stiffness that is greater than the first segment;
a main shaft that is proximal to the flexible distal tip;
a pull wire main lumen; and
a first pull wire satellite lumen, the first pull wire satellite lumen
extending from the first bendable segment into the second segment;
and
a first pull wire that has a distal portion anchored within the flexible distal tip,
travels within the first pull wire satellite lumen and into the pull wire main lumen,

and attaches to a first pull wire actuation element.

2. A catheter as in claim 1, wherein the first pull wire satellite lumen extends at least
two millimeters into the second segment.
3. A catheter as in claim 1, wherein the first pull wire satellite lumen extends at least

three millimeters into the second segment.

4. A catheter as in claim 1, wherein the first pull wire satellite lumen extends at least

five millimeters into the second segment.

5. A catheter as in claim 4, wherein the second segment is formed of the same

materials as the main shaft.

6. A catheter as in claim 1, wherein the first pull wire satellite lumen extends at least

ten millimeters into the second segment.
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7. A catheter as in claim 1, wherein the pull wire satellite lumen extends through the

entire length of the second segment.

8. A catheter as in claim 1, wherein the second segment is separately distinguishable

from the main shatft.

9. A catheter as in claim 8, wherein the second segment is less stiff than the main

shaft.

10. A catheter as in claim 8, wherein the second segment is stiffer than the main

shaft.

11. A catheter as in claim 1, further comprising:

a second pull wire satellite lumen that extends from the first bendable segment
into the second segment; and

a second pull wire that is anchored within the flexible distal tip, travels within
the second pull wire satellite lumen and into the pull wire main lumen, and attaches to a
second pull wire actuation element; wherein

actuating the second pull wire actuation element bends the first bendable segment
in a direction that is different from a direction that the first bendable segment bends in

response to actuation of the first pull wire actuation element.

12. A catheter as in claim 1, wherein the first bendable segment is a distal bending
segment and the flexible distal tip further comprises a proximal bending segment, the
first pull wire being anchored within one of the proximal bending segment and the distal
bending segment, and a third pull wire being anchored within the other of the proximal
bending segment and the distal bending segment, the third pull wire being attached to a

third pull wire actuation element.

13. A catheter as in claim 12, wherein actuation of the first pull wire actuation
element bends one of the proximal bending segment and the distal bending segment in a

direction opposite to the direction that the other of the proximal bending segment and the
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distal bending segment bends in response to actuation of the third pull wire actuation

element.

14. A catheter as in claim 13, wherein the first pull wire is anchored within the distal
bending segment, the third pull wire is anchored within the proximal bending segment,
and actuation of the first pull wire actuation element and the third pull wire actuation
element bends the distal bending segment and the proximal bending segment within

substantially the same plane.

15. A catheter as in claim 14, wherein actuation of the first pull wire actuation
element bends the distal bending segment in direction opposite to the direction that the
proximal bending segment bends in response to actuation of the third pull wire actuation

element.

16. A catheter as in claim 14, further comprising:

a second pull wire satellite lumen;

a second pull wire that has a distal portion anchored within the distal bending
segment of the flexible distal tip, travels within the second pull wire satellite lumen and
into the pull wire main lumen, and attaches to a second pull wire actuation element;

a fourth pull wire satellite lumen; and

a fourth pull wire that has a distal portion anchored within the proximal bending
segment of the flexible distal tip, travels within the fourth pull wire satellite lumen and
into the pull wire main lumen, and attaches to a fourth pull wire actuation element;
wherein

actuation of the second pull wire actuation element bends the distal bending
segment of the flexible distal tip in a direction that is different from a direction that the
distal bending segment bends in response to actuation of the first pull wire actuation
element; and

actuation of the fourth pull wire actuation element bends the proximal bending
segment of the flexible distal tip in a direction that is different from a direction that the
proximal bending segment bends in response to actuation of the third pull wire actuation

element.
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17. A catheter as in claim 1, further comprising a flat wire and a flat wire lumen, the
flat wire extending along at least a portion of the flexible distal tip within the flat wire

lumen.

18. A catheter as in claim 17, wherein the flat wire has a distal end and a proximal

end, and the distal end is not secured.

19. A catheter as in claim 17, wherein the flat wire has a distal end and a proximal

end, and the distal end is free to rotate upon initial bending of the flexible distal tip.

20. A catheter comprising:
an elongated flexible shaft comprising:

a pull wire lumen;

a pull wire for bending a first segment of the elongated flexible shaft, the
pull wire being anchored within the elongated flexible shaft, extending through the pull
wire lumen and attachable to a pull wire actuation element;

a flat wire lumen; and

a flat wire positioned within the flat wire lumen and having a longitudinal
axis, a proximal end and a distal end, the flat wire being free to rotate about the

longitudinal axis upon initial bending of the first segment.

21. A catheter as in claim 20, wherein the flat wire lumen and the flat wire are
constructed and arranged such that upon further bending of the first segment, contact

between the flat wire and the flat wire lumen prevents the flat wire from rotating.

22. A catheter as in claim 21, further comprising a second segment that is a proximal
bending segment of a flexible distal tip; wherein

the first segment is a distal segment of the flexible distal tip.

23. A catheter as in claim 22, wherein the flat wire maintains the first and second

segments in substantially the same plane when at least one of the segments is bent.
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24. A catheter as in claim 23, wherein the first and second segments are bendable in

opposite directions.

25. A catheter as in claim 24, wherein the first and second segments are

independently bendable.

26. A catheter as in claim 22, wherein the first segment is bendable in a first plane

and the second segment is independently bendable in a different plane.

27. A catheter comprising:
an elongated flexible shaft comprising:

a main shaft portion; ,

a first pull wire disposed within the elongated flexible shatft;

a second pull wire disposed within the elongated flexible shaft;

a flexible distal tip including a proximal bending segment and a distal
bending segment, the proximal bending segment being bendable by pulling the first pull
wire such that the proximal bending segment bends in a first direction and within a plane,
the distal bending segment being bendable by pulling the second pull wire such that the
distal bending segment bends in a second direction that is opposite to the first direction
and substantially within the same plane as the proximal bending segment;

a flat wire lumen; and

a flat wire extending through the flat wire lumen.

28. A catheter as in claim 27 wherein the flat wire maintains the proximal and distal
bending segments in substantially the same plane when at least one of the segments is

bent.

29. A catheter as in claim 27, wherein the proximal and distal bending segments are

bendable in opposite directions.
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30. A catheter as in claim 29, wherein the proximal and distal bending segments are

independently bendable.

31. A catheter as in claim 27, further comprising:

a transition segment interposed between the distal .bending segment and
the proximal bending segment, the transition segment having a stiffness that is greater
than the distal bending segment;

a pull wire main lumen; and

a pull wire satellite lumen for guiding the second pull wire, the pull wire
satellite lumen extending from the distal bending segment into and through the transition
segment; wherein

the second pull wire is guided into the pull wire main lumen at a location

that is proximal to the transition segment.
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