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STEERABLE CATHETER WITH PULL WIRE

FIELD
[001] The present application pertains to embodiments of steerable endovascular
delivery devices.
BACKGROUND
[002] Endovascular delivery devices are used in various procedures to deliver

prosthetic medical devices or instruments to locations inside the body that are not readily
accessible by surgery or where access without surgery is desirable. Access to a target
location inside the body can be achieved by inserting and guiding the delivery device
through a pathway or lumen in the body, including, but not limited to, a blood vessel, an
esophagus, a trachea, any portion of the gastrointestinal tract, a lymphatic vessel, to
name a few. In one specific example, a prosthetic heart valve can be mounted in a
crimped state on the distal end of a delivery device and advanced through the patient’s
vasculature (e.g., through a femoral artery and the aorta) until the prosthetic valve
reaches the implantation site in the heart. The prosthetic valve is then expanded to its
functional size such as by inflating a balloon on which the prosthetic valve is mounted,
or by deploying the prosthetic valve from a sheath of the delivery device so that the

prosthetic valve can self-expand to its functional size.

[003] The usefulness of delivery devices is largely limited by the ability of the
device to successfully navigate through small vessels and around tight bends in the
vasculature, such as around the aortic arch. Various techniques have been employed to
adjust the curvature of a section of a delivery device to help “steer” the valve through
bends in the vasculature. Typically, a delivery device employs a pull wire having a distal
end fixedly secured to the steerable section and a proximal end operatively connected to
an adjustment knob located on a handle of the delivery device outside the body. The pull
wire is typically disposed in a pull-wire lumen that extends longitudinally in or adjacent
to a wall of the delivery device, for example, a sheath or catheter. Adjusting the
adjustment knob, for example, rotating the knob, applies a pulling force on the pull wire,

which in turn causes the steerable section to bend.
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[004] A drawback of this design is that the delivery device suffers from a
phenomenon known as “whipping” when the device is torqued or rotated relative to its
central longitudinal axis, for example to adjust the rotational position of the distal end
portion of the delivery device, while the delivery device is disposed in a curved
anatomical pathway, for example, a blood vessel, while the steerable section is deflected
to match the curvature of the anatomical pathway. In the deflected configuration, the pull
wire and pull-wire lumen adopt a low-energy configuration along an inside of the curved
section of the delivery device. The deflected portion of the delivery device resists
rotation around the longitudinal axis because such rotation would move the pull wire
away from the inside of the curve. In many cases, this resistance makes rotation
impossible as a practical matter. “Whipping” occurs when the user successfully rotates
the delivery device: as the handle is rotated, the curved section initially resists, then, as
the user continues to rotate the handle, suddenly rotates a full 360° from the initial low-
energy configuration to a final (equivalent) low energy configuration. Some prior art
devices utilize multiple pull wires or tensioning members to effect positioning of the
steerable section in more than one flexing plane relative to the central axis of the device;
however, these devices are complicated, and like single pull-wire devices, suffer from
“whipping” when rotated. Thus, a need exists for a delivery device with improved

torqueability and steerability.

SUMMARY
[005] Disclosed herein are steerable catheter devices and related methods, which
can be used to deliver a medical device, tools, agents, or other therapy to a location
within a body of a subject. In some implementations, the steerable catheter devices can
be used to deliver a medical device through the vasculature, such as to a heart of the
subject. These devices may comprise one or more eccentrically positioned pull wires
configured to cause a shaft to curve in a given direction, and/or to cause the shaft to
straighten. The disclosed devices can further comprise a flexible, axially non-
compressible pull-wire sleeve that extends co-axially over at least a portion of the pull
wire, with the pull-wire sleeve free-floating within a pull-wire lumen. The pull-wire

sleeve is effective to reduce or eliminate disequilibrium caused by torqueing the shaft
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while in a contoured configuration and under the pulling force of the pull wire, thereby

enhancing the steerability and torqueability of the catheter device.

[006] In one representative embodiment, a steerable catheter device comprises a
shaft comprising a proximal portion, a distal portion, and a pull-wire lumen that extends
at least partially through the proximal and distal portions. A pull wire extends through
the pull-wire lumen and has a proximal end portion and a distal end portion, wherein the
distal end portion of pull wire is fixed to the distal portion of the shaft. An adjustment
mechanism is operatively connected to the proximal end portion of the pull wire and
configured to increase and decrease tension in the pull wire to adjust the curvature of the
distal portion of the shaft. An axially non-compressible pull-wire sleeve extends co-

axially through the pull-wire lumen and over the pull wire.

[007] There is also disclosed a method comprises providing a catheter device
having a shaft, a pull wire extending through the shaft, and an axially non-compressible
pull-wire sleeve. The pull wire extends at least partially through the pull-wire sleeve, the
pull wire and the pull-wire sleeve are radially offset from a central axis of the shaft, and
the shaft comprises a proximal portion and a distal portion. The method further
comprises inserting the catheter device into the body of a patient and applying tension to

the pull wire to adjust the curvature of the distal portion of the shaft.

[008] In another representative embodiment, a steerable catheter device comprises a
shaft having a proximal portion and a distal portion, and first and second pull wires. The
first and second pull wires have respective proximal portions and respective distal
portions. The proximal portions of the first and second pull wires extend through the
proximal portion of the shaft in close proximity to each other. The distal end portions of
the first and second pull wires extend through the distal portion of the shaft in close
proximity to each other over a first distance defining a primary flexing section, diverge
away {from each other over a second distance, and then extend parallel to each other at
angularly spaced locations over a third distance defining a secondary flexing section.

Tension applied to the first pull wire and/or the second pull wire is effective to flex the
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distal portion away from the central axis of the shaft, wherein the direction of flexion is

determined by the relative tensions in the pull wires.

[009] The foregoing and other objects, features, and advantages of the invention
will become more apparent from the following detailed description, which proceeds with

reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[010] HIG. 1 is a side view of a catheter device, according to one embodiment.

[011] FIG. 1A is an enlarged view of a portion of the catheter device of FIG. 1,

showing the connection of a pull-wire sleeve to a stop member.

[012] FIG. 2A is a side view of a catheter device of FIG. 1 shown with a curved
outer shaft and with a steerable distal tip portion of an inner shaft curling inwards in the

same plane (x-y plane) as a curved outer shaft of the assembly.

[013] FIG. 2B is a side view of the catheter device of FIG. 2A, with a distal tip
portion of an inner shaft of the assembly extending in a direction orthogonal to the plane

of the outer shaft (into the page as shown).

[014] HIG. 2C is a side view of the catheter device of FIG. 2A, with a distal tip
portion of an inner shaft of the assembly flexing in an opposite direction from the outer

shaft but in the same plane (x-y plane) as the outer shaft.

[015] FIG. 2D is side view of the catheter device of FIG. 2A, with a distal tip
portion of an inner shaft of the assembly extending in a direction orthogonal to the plane

of the outer shaft (out of the page as shown).
[016] FIG. 3 is a longitudinal cross-sectional view of the catheter device of FIG. 1.

[017] HIG. 4 is a cross-sectional view of the catheter device of FIG. 1, taken along
line 44 of FIG. 3.

[018] FIG. 5 is another cross-sectional view of the catheter device of FIG. 1, taken
along line 5-5 of FIG. 3.
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[019] HIG. 6 is a schematic side view of a distal end portion of a catheter device,
according to another embodiment, having two pull wires which extend through a central

proximal lumen and two distal lumens.

[020] FIG. 7 is a cross-sectional view of the catheter device of FIG. 6, taken along
line 7-7 of FIG. 6.

[021] FIG. 8 is a perspective view of the catheter device of FIG. 6, showing the
ability of the distal tip portion to flex at various angles within a range of flexion (o) of

the distal tip portion.

[022] FIG. 9 is a schematic side view of a catheter device comprising two pull

wires, according to another embodiment.

[023] FIG. 10 is a cross-sectional view of the catheter device of FIG. 9, taken along
line 10-10 of FIG. 9.

DETAILED DESCRIPTION
[024] Disclosed herein are steerable catheter devices and related methods, which
can be used to deliver a medical device, tools, agents, or other therapy to a location
within the body of a subject. Examples of procedures in which the steerable catheters are
useful include neurological, urological, gynecological, fertility (e.g., in vitro fertilization,
artificial insemination), laparoscopic, arthroscopic, transesophageal, transvaginal,
transvesical, transrectal, and procedures including access in any body duct or cavity.
Particular examples include placing implants, including stents, grafts, embolic coils, and
the like; positioning imaging devices and/or components thereof, including ultrasound
transducers; and positioning energy sources, for example, for performing lithotripsy, RF
sources, ultrasound emitters, electromagnetic sources, laser sources, thermal sources, and
the like. In some embodiments, the steerable catheter device is a steerable balloon
catheter, comprising one or more balloons at or near a distal end portion thereof. In some
implementations, the steerable catheter devices can be used to deliver a medical device
through the vasculature, such as to a heart of the subject. These devices may comprise
one or more eccentrically positioned pull wires configured to cause a shaft to curve in a

given direction, or to straighten. The disclosed devices can further comprise a flexible,



WO 2016/090025 PCT/US2015/063481

-6-

axially non-compressible pull-wire sleeve that extends co-axially over at least a portion
of the pull wire and is free-floating within a pull-wire lumen. The pull-wire sleeve
effectively reduces or eliminates disequilibrium caused by torqueing the shaft while in a
contoured configuration and under the pulling force of the pull wire, thereby enhancing

the steerability and torqueability of the catheter device.

Exemplary Embodiments

[025] Referring to FIG. 1, a catheter device 10, according to one embodiment,
comprises a handle portion 12 and a shaft 14 extending distally therefrom. The shaft 14
comprises a proximal portion 18 and a distal portion 20. The curvature of the distal
portion 20 of the shaft 14 can be controlled by a pull wire 22. As best shown in FIG. 3,
the pull wire 22 extends through a peripheral pull-wire lumen 34 formed in a side wall of
the shaft 14, and has a proximal end portion 42 operatively connected to an adjustment
mechanism 26 in the form of a rotatable knob mounted on the handle 12. The adjustment
mechanism 26 is configured to increase and decrease tension in the pull wire to adjust
the curvature of the distal portion 20 of the shaft 14, as further described below. The
distal portion 20 of the shaft can be constructed from a relatively more flexible material
than the proximal portion 18 or otherwise can be constructed to be relatively more
flexible than the proximal portion 20 such that the curvature of the proximal portion can
remain substantially unchanged when the curvature of the distal portion is adjusted by
applying tension thereto by the pull wire, as further described below. Further details of
the construction of the shaft, the handle and the adjustment mechanism are described in
U.S. Patent Application Publication Nos. 2013/0030519, 2009/0281619, 2008/0065011,
and 2007/0005131.

[026] The catheter device 10 can further comprise a flexible, axially non-
compressible pull-wire sleeve 28 extending co-axially over at least a portion of the
length of the pull wire 22. In the illustrated embodiment, the pull-wire sleeve 28
comprises a helical coil, which desirably is a closed pitch coil without spacing between
adjacent turns of the coil to avoid axial compression of the coil. The coil can be made of
any suitable biocompatible metal (e.g., stainless steel, nitinol, efc.), polymer, or

combination thereof, In alternative embodiments, the pull-wire sleeve 28 can have other
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configurations that are sufficiently flexible yet substantially axially non-compressible.
For example, the pull-wire sleeve can comprise an elongated slotted tube (e.g., a metal
tube) that has a plurality of axially-spaced, circumferentially extending slots formed
(such as by laser cutting) along the length of the tube. In another example, the pull-wire
sleeve 28 can comprise a polymeric tube reinforced with a braided metal layer, such as
polyimide tube reinforced with a braided stainless steel layer. In this example, an inner
polymeric layer can be secured to the inner surface of the braided layer and/or an outer

polymeric layer can be secured to the outer surface of the braided layer.

[027] Referring to FIGS. 1 and 3, the coil 28 extends through the pull-wire lumen
34 for the majority of the length of the shaft and proximate the handle 12, the coil
extends outside the shaft 14 through an opening 50 in the proximal portion 18 of the
shaft and terminates at a stop member 24 mounted on the shaft adjacent the handle. A
length of the coil 28 extending outside of the shaft 14 is shown as L; in FIG. 1. The
proximal end of the coil 28 can be fixed to the stop member 24, such as mechanically, by
press-fitting, by threads, by swaging, by crimping, by clamping, by welding, or using a
suitable adhesive. As shown in FIG. 1A, the proximal end of the coil 28 can extend into
a bore 58 in the stop member 24, where the coil can be secured in place, as discussed
above. In various other embodiments, the coil 28 can originate more proximally
(proximal to the stop member 24), such as at the handle portion 12, or more distally

(distal to the stop member 24).

[028] As shown in FIG. 3, a distal end portion 40 of the pull wire 22 can be fixed
relative to the shaft 14 proximate of the distal, terminal end 36 of the shaft. For example,
the distal end portion 40 of the pull wire 22 can be fixed to a ring 38 that is embedded or
otherwise secured to the shaft at or adjacent to the distal opening of the pull-wire lumen
34. As shown in FIGS. 1 and 1A, a proximal end portion 42 of the pull wire 22 extends
through the stop member 24 and into the handle 12 where it is operative connected to the
adjustment knob 26. For example, the proximal end portion 42 of the pull wire can be
secured to a slidable nut (not shown) inside the handle which is configured to apply and

release tension on the pull wire upon rotation of the knob 26.
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[029] When tension is applied to the pull wire 22, side wall areas of the distal
portion 20 of the shaft in proximity to the pull wire 22 are compressed, while side wall
areas on the opposite side are tensed/stretched, thereby causing flexion of the distal
portion 20 in the direction of the pull wire 22 (relative to a central axis of the distal end
portion 20) (as shown in FIG. 1 and in phantom in FIG. 3). The adjustment knob 26
located on the handle 12 can be turned in one direction to apply tension to the pull wire
22, and can be turned in the opposite direction to release tension thereupon. In some
embodiments, the knob 26 is turned clockwise to apply tension, while in other
embodiments, counter-clockwise rotation applies the tension. In any case, when tension
in the pull wire is decreased or released, the resiliency of the distal portion 20 of the shaft
causes the distal portion to return to its non-flexed configuration. In its non-flexed
configuration (in the absence of pull-wire forces), the distal portion 20 can be

substantially straight (as shown in FIG. 3) or can be curved.

[030] In alternative embodiments, the distal portion 20 can be curved when it is in
its non-flexed configuration, and application of tension by the pull wire causes the distal
portion 20 to straighten while release of tension allows the distal portion to return to its
pre-curved, non-flexed configuration. In such embodiments, the pull wire 22 extends
through a pull-wire lumen that is offset from the central axis of the shaft toward the
outer, convex curved portion of the shaft such that the pull wire applies a tensile force to
the inner, concave curved portion of the shaft and a compressive force to the outer,
convex curved portion of the shaft. In other embodiments, the pull-wire lumen extends

longitudinally at a location other than the inside or outside of a pre-curved catheter.

[031] As shown in FIGS. 3-5, the shaft 14 can comprise a central lumen 32 that
extends the length of the shaft. The central lumen 32, the diameter of which can be
significantly larger than the diameter of the pull-wire lumen 34, can be used to transport
one or more of a medical device, tools, medicament, or other substance. In some
embodiments, the central lumen 32 is used to transport a prosthetic heart valve. A low-
friction and/or flexible liner 30 can cover the inner surface of the pull-wire lumen 34,
and can comprise polytetrafluoroethylene (PTTFE), ultra-high-molecular-weight
polyethylene (UHMWPE), or another suitable material. The liner 30 can be sufficiently
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flexible and/or distensible to accommodate insertion of the coil 28 into the pull-wire

lumen 34.

[032] As shown in FIG. 3, in the illustrated embodiment, the coil 28 extends
through the pull-wire lumen 34 co-axially over the pull wire 22 and terminates short of
the steerable distal portion 20 of the shaft. A distal end portion 44 of the coil can be fixed

to the inner liner 30 by any suitable method, such as with a suitable adhesive.

[033] As noted above, a portion of the coil 28 and the pull wire 22 proximate the
handle 12 extend outside of the shaft. Although this portion is illustrated distal from the
handle 12 in the illustrated embodiment, in other embodiments, the portion of the coil
and pull wire outside of the shaft is enclosed by the handle. The section of the shaft 14
that does not contain the coil and the pull wire can be referred to as a “bypassed
segment” 48 of the shaft 14 (FIG. 1). This bypassed segment 48 can have a length 1;
extending from a first location where the coil 28 extends outwardly from the shaft 14 at
opening 50 to a second location at the proximal end of the coil 28 (at the distal face of
the stop member 24 in the illustrated embodiment). In various embodiments, > can be
relatively small in comparison to the length of the shaft 14. In various embodiments, the
overall length of the shaft can be about 91 cm to about 152 cm, and the length of the
bypassed segment 48 1, desirably is in the range of about 5 cm to about 10 cm. In some
cases, the ratio of L, to the overall length of the shaft 14 is less than about 1/20, less than
about 1/15, or less than about 1/10. As can be seen in FIG. 1, the length L of the coil 28
extending outside of the shaft is greater than the length L, of the bypassed segment 48 of
the shaft, the significance of which is explained below. When no tension is being applied
to the pull wire 22 and the shaft 14 is in its non-flexed or relaxed configuration, the
length L of the portion of the coil 28 extending outside of the shaft 14 can be at least

about 5-10 mm greater than the length Lo.

[034] As noted above, the distal end portion 44 of the coil 28 can be fixed relative
to the shaft 14 (FIG. 3) and the proximal end portion 46 can be fixed relative to the shaft
14 (via the stop member 24 in the illustrated embodiment in the embodiment illustrated

in FIGS. 1 and 1A), while the section of the coil 28 extending outside of the shaft
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introduces an amount of slack in the coil. Between the proximal end portion 46 and the
distal end portion 44, the coil 28 desirably is unattached or unsecured to the inner surface
of the pull-wire lumen 34, the shaft, or any other portion of the delivery device. This
allows the coil to “free float” or freely slide relative to the pull-wire lumen 34, permitting
the coil to accommodate relative movement between the pull-wire lumen and the coil as
the shaft 14 is advanced through and/or rotated within a tortuous path, for example, when
rotated from an inside of a curve to an outside of the curve, without changing the tension
on the pull wire. In this manner, the tensile force of the pull wire 22 can be transferred to
the distal portion 20 of the shaft 14 while the coil 28 takes up the tensile force of the pull
wire 22 along the proximal portion 18 of the shaft so as to prevent or minimize the
application of a non-concentric tensile force to the proximal portion 18 of the shaft 14.
Advantageously, this prevents the so-called “whipping” phenomenon of the shaft when a
torqueing force is applied to shaft, allowing the distal end of the shaft to be rotated
relative to the central longitudinal axis to any position through 360 degrees in three-

dimensional space.

[035] Another important advantage of the catheter device 10 is that it only requires
a single pull wire to orient the steerable distal portion at any position in three-
dimensional space within a body lumen, whereas many prior art devices utilize multiple
pull wires or tensioning members to effect positioning of the distal portion in more than
one flexing plane. As can be appreciated, utilizing only a single pull wire greatly

simplifies the manufacture as well as use of the catheter device.

[036] FIGS. 2A-2D illustrates the use of the catheter device 10 shown in FIG. 1. In
FIGS. 2A-2D, the catheter device 10 includes an outer shaft 52 that extends over the
shaft 14, which is an inner shaft in this embodiment. The outer shaft 52 can have a pre-
set curvature, which in the illustrated example curves in the x-y plane. Alternatively, the
outer shaft 52 can have a steerable distal end portion, the curvature of which can be
adjusted using known techniques (e.g., a pull wire and adjustment knob, such as
disclosed in any of U.S. Patent Application Publication Nos. 2013/0030519,
2009/0281619, 2008/0065011, and 2007/0005131). In cases where the outer shaft 52 is

steerable, the handle 12 can include an additional adjustment knob to control the
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curvature of the shaft 52, or a separate handle and respective adjustment knob can be

provided.

[037] The curvature of the inner shaft 14 can be controlled independently of the
curvature of the outer shaft 52, Furthermore, the inner shaft 14 can be freely rotated
through 360 degrees relative to the outer shaft 52 (in the directions indicated by arrows
54, 56) while the both the inner and outer shafts are in their curved or deflected
configurations, as illustrated in the drawings. In FIG. 2A, for example, the distal end
portion 20 of the inner shaft 14 is curved and lies in the x-y plane with the outer shaft 52,
indicating that the inner shaft 14 has not been rotated or torqued relative to the outer
shaft 52 (referred to as zero-degree in-plane flexing). In FIG. 2B, the inner shaft 14 has
been rotated or torqued 90 degrees from the position shown in FIG. 2A so that the
section of the distal end portion 20 extending from the outer shaft 52 lies in the y-z plane
while the outer shaft lies in the x-y plane (referred to as 90-degree out-of-plane flexing).
In FIG. 2C, the inner shaft 14 has been rotated or torqued 180 degrees from the position
shown in FIG. 2A so that the section of the distal end portion 20 extending from the
outer shaft 52 lies in the x-y plane along with the outer shaft 52 (referred to as 180-
degree in-plane flexing). In FIG. 2D, the inner shaft 14 has been rotated or torqued 270
degrees from the position shown in FIG. 2A so that the section of the distal end portion
20 extending from the outer shaft 52 lies in the y-z plane while the outer shaft lies in the
x-y plane (referred to as 270-degree out-of-plane flexing). As can be appreciated, the
distal end portion 20 of the inner shaft 14 can be rotated relative to the central axis of the
outer shaft 52 to any rotational position through 360 degrees, with 1:1 correspondence
between the handle 12 and distal end portion 20 of the inner shaft 14. By employing the
pull-wire sleeve 28, the inner shaft 14 can be rotated to any position within the anatomy
of a patient and can be maintain that position without undesirable whipping. In contrast,
using an ordinary steerable catheter in place of the catheter device 10 as the inner
catheter in a coaxial-steerable-catheter arrangement results in a “double banana”
configuration, preventing the inner catheter from rotating relative to the outer catheter

without whipping.
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[038] It should be noted that the catheter device 10 need not include an outer shaft
52. In cases where an outer shaft is not used, component 52 in FIGS. 2A-2D can
represent a body vessel (e.g., an artery), which causes the inner shaft 14 to generally
assume the shape of the curved pathway of the vessel. The delivery device 10 can be
operated in the same way as described above such that the inner shaft 14 can be rotated
or torqued relative to its central longitudinal axis to any rotational position through 360

degrees and maintained at that position.

[039] The catheter device 10 can be used to perform any diagnostic, therapeutic, or
interventional procedure where access to a target location inside the body of a patient is
desired. For example, the catheter device 10 can be used, for example, to deliver and
deploy a prosthetic device in the body, to deliver tools to a target location in the body,
and/or to deliver or introduce drugs or other agents, to name a few exemplary uses. In
particular embodiments, the catheter device 10 can be a delivery device configured to
deliver a prosthetic heart valve to one of the native valves of the heart (the aortic, mitral,

pulmonary, or tricuspid valves).

[040] In one specific example, the delivery device can include an inflatable balloon
that is configured to expand and deploy a plastically-expandable prosthetic heart valve.
The inflatable balloon can be mounted on the distal end portion of the inner shaft 14, or
alternatively, the delivery device can include a balloon mounted on a separate shaft that
extends through the steerable shaft 14, as further disclosed U.S. Patent Application
Publication Nos. 2013/0030519, 2009/0281619, 2008/0065011, and 2007/0005131.
Exemplary plastically-expandable prosthetic heart valves are disclosed in U.S. Patent
Application Publication Nos. 2010/0036484 and 2012/0123529.

[041] In another example, the delivery device can be used to delivery and deploy a
self-expandable prosthetic heart valve (e.g., a prosthetic valve having a frame formed
from a shape-memory material, such as nitinol). To deliver a self-expandable prosthetic
valve, the prosthetic valve can be loaded into a delivery sheath or sleeve in a radially
compressed state and advanced from the distal open end of the sheath at the target

location to allow the prosthetic valve to expand to its functional size. The delivery sheath
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can be the distal end portion of the steerable shaft 14 or the distal end portion of another
shaft that extends through the steerable shaft 14. Further details regarding a self-
expandable prosthetic valve and delivery devices for a self-expandable prosthetic valve
are disclosed in U.S. Patent Application Publication Nos. 2010/0049313 and
2012/0239142.

[042] The delivery device can be introduced and advanced through the patient’s
vasculature using any known delivery technique. In a transfemoral procedure, the
delivery device can be inserted through a femoral artery and the aorta to access the heart
(typically, but not exclusively used for aortic valve replacement). The delivery device is
particularly useful for delivering a prosthetic valve to the native aortic valve as the
torqueability of the delivery device allows for precise positioning of the prosthetic valve
at the target site despite the tortuous pathway the delivery device must follow to reach
the heart. In a transventricular procedure, the delivery device can be inserted through a
surgical incision made on the bare spot on the lower anterior ventricle wall (typically, but
not exclusively used for aortic or mitral valve replacement). In a transatrial procedure,
the delivery device can be inserted through a surgical incision made in the wall of the left
or right atrium. In a transaortic procedure, the delivery device can be inserted through a
surgical incision made in the ascending aorta and advanced toward the heart (typically,
but not exclusively used for aortic valve replacement). In a transeptal procedure, the
delivery device can be advanced to the right atrium, such as via a femoral vein, and
through the septum separating the right and left ventricles (used for aortic or mitral valve

replacement).

[043] FIGS. 6 and 7 show a catheter device 100, according to another embodiment,
The catheter device 100 in the illustrated embodiment comprises a first pull wire 104, a
second pull wire 106, and a shaft 102 having a proximal portion 115 (FIG. 8) and a
steerable distal portion 116. The distal portion 116 can be relatively more flexible than
the proximal portion 115, as previously described in connection with the catheter device
10 of FIG. 1. The proximal portion 115 can be coupled to a handle (not shown) that can

have one or more adjustment mechanisms for increasing and decreasing tension in the
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pull wires 104, 106. In particular embodiments, the catheter device 100 has two

adjustment mechanisms, each of which is connected to a respective pull wire 104, 106.

[044] The main body 110 can further comprise a main pull-wire lumen 108
extending parallel to a central axis X of the shaft through the proximal portion 115 and
through a proximal section 118 of the distal portion 116. The main pull-wire lumen 108
can then split into a first distal pull-wire lumen 112 and a second distal pull-wire lumen
114 that diverge away from each other and then extend generally parallel to each other at
angularly spaced locations through a distal section 120 of the distal portion 116 of shaft.
The pull wires 104, 106 can thus extend through the main pull-wire lumen 108 over the
proximal portion 115 and the proximal section 118 of the distal portion 116 of the shaft.
The first and second pull wires 104, 106 then part ways to extend into the first distal
pull-wire lumen 112 and the second distal pull-wire lumen 114, respectively, over the

distal section 120 of the distal portion 116.

[045] FIG. 7 shows the angular positioning of the two distal pull-wire lumens 112,
114 (and thus the pull wires 104, 106) along an arc defined by the side wall of the shaft
102. In the illustrated embodiment, the two distal pull-wire lumens 112, 114 are disposed
within the side wall of the shaft 102. In other embodiments, the distal pull-wire lumens
112, 114 have a different location, for example, adjacent to an interior of the side wall or
adjacent to an exterior of the side wall. The first pull-wire lumen 112 can be positioned
along a first axis B extending radially from the central axis X of the shaft 102 to the first
lumen 112. The second pull wire lumen 114 can be positioned along a second axis B2
extending radially from the central axis X of the shaft 102 to the second lumen 114. As
shown, the distal lumens 112, 114 are spaced angularly apart from one another by angle
o between axes B1 and B> along an arc defined by the side wall of the shaft. The angle a
can be any angle greater than zero degrees and less than 180 degrees. In the embodiment
shown, the angle a is about 120 degrees. This dual wire configuration allows the shaft
102 to have a primary flexing section (corresponding to the proximal section 118 of the
steerable distal portion 116) and secondary flexing section (corresponding to the distal
section 120 of the steerable distal portion 116). In some embodiments, a durometer of the

primary flexing section 118 is about the same as, higher than, or lower than a durometer
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of the secondary flexing section 120 depending on a desired relative flexibility between
the two sections. The primary flexing section has a lower durometer than the main shaft,
which is the portion of the shaft 102 proximal of the primary flexing section in the
illustrated embodiment that is substantially not steerable. In some embodiments, the
main shaft has a higher durometer than the secondary flexing section, which in turn has a

higher durometer than the primary flexing section.

[046] In an alternative embodiment, the pull wires 104, 106 need not extend
through a common main pull-wire lumen 108 and instead extend through separate
longitudinally extending pull-wire lumens that are parallel and in close proximity to each
other or without any spacing between each other along the length of the proximal portion
115 and the proximal section 118 of the distal portion, and then diverge away from each
other and extend along the distal section 120 with a spacing o between the two pull-wire

lumens.

[047] When one or both pull wires 104, 106 are under tension, the primary flexing
section 118 flexes or curves in a respective flexing plane P (FIG. 7). By virtue of the pull
wires extending through a common pull-wire lumen (or extending through separate
lumens in very close proximity to each other), tensioning either one or both pull wires is
effective to adjust the curvature of the primary flexing section 118 in its respective
flexing plane P. By applying differential tension to the pull wires, the secondary flexing
section 120 can be caused to flex in various different directions relative to the primary
flexing section 118. For example, applying the same amount of tension to each pull wire
104, 106 causes the secondary flexing section 120 to curve in the same plane P as the
primary flexing section. Increasing tension in the first pull wire 104 relative to the
second pull wire 106 causes the secondary flexing section 120 to curve or bend in a first
direction away from the plane P of the primary flexing section 118 (shown in solid lines
in FIG. 8). Likewise, increased tension in the second pull wire 106 relative to the first
pull wire 104 causes the secondary flexing section 120 to curve or bend in a second
direction, opposite the first direction, away from the plane P of the primary flexing

section 118 (shown in phantom in FIG. 8).
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[048] In the illustrated embodiment, the secondary flexing section 120 permits a
distal tip of the catheter device 100 to access a locus approximated by a portion of a
surface of a sphere defined by a first range of flexion and a second range of flexion,
which in some embodiments corresponds to the angular components of a spherical
coordinate system. The first range has an angular width or azimuthal width o (FIG. 7)
(bounded by the radial axes B and B»). The second range has polar angle with a
minimum at or near the X axis (about 0°) and a maximum dependent on the durometer
and length of the secondary flexing section 120 (maximally flexed state). Accordingly,
tensioning pull wire 104, optionally while partially untensioning pull wire 106, flexes the
secondary flexing section 102 radially outwards generally along axis Bi. Similarly, pull
wire 106 is operable to flex the secondary flexing section 102 along axis B>. By
adjusting the relative tensions between the pull wires 104, 106, the distal tip of the

catheter device 100 can be steered to any intermediate location or point in this space.

[049] The secondary flexing section 120 can thus be made to flex in any radial
flexing plane within angle o. The angular positioning of the lumens 112, 114 and the pull
wires 104, 106 thus defines the azimuthal or first range of flexion a for the secondary
flexing section 120. In the embodiment shown in, this direction of flexion can be in any
plane between about —-60° and about +60° relative to the primary flexing plane, wherein
the 0° direction is the primary flexing plane P. Accordingly, in this case, the first range
of flexion a is about 120°. In other embodiments, the angle o and the corresponding first
range of flexion can vary, such as about 140° (about —70° to about +70°), about 130°
(about —65° to about +65°), about 110° (about —55° to about +55°), about 100° (about —
50° to about +50°), about 90° (about —45° to about +45°), about 80° (about —40° to about
+40°), about 70° (about —35° to about +35°), or about 60° (about —30° to about +30°).

[050] In other embodiments, the first range of flexion of the secondary flexing
section 120 need not be symmetrical relative to the primary flexing plane P. For
example, the portion of the first pull wire 104 in the first distal lumen 112 can be
angularly spaced from the main pull wire lumen 108 (and the primary flexing plane P) a
first angle 01 and the portion of the second pull wire 106 in the second distal lumen 114

can be angularly spaced from the main pull wire lumen 108 (and the primary flexing
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plane P) a second angle 0, wherein 0; and 0, are not equal to each other. In this manner,
the first range of flexion of the secondary flexing section 120 encompasses the primary
flexing plane P but can be adjusted to extend further on one side of the primary flexing
plane P than the other.

[051] FIGS. 9, 10, and 11 show a catheter device 200, according to another
embodiment. The catheter device 200 is similar to the catheter device 100 and can have
all of the features described above in connection with the catheter device 100 except that
first range of flexion of the secondary flexing section does not encompass the primary
flexing section. FIG. 9 is a side view, FIG. 10 is a transverse cross-sectional view, and
FIG. 11 is a flattened view with the catheter wall opened along a line opposite the main
pull-wire lumen. Referring to FIGS. 9 and 11, the catheter device 200 comprises a shaft
202 having a proximal portion 204 and a distal portion 206. First and second pull wires
208, 210, respectively, extend through the proximal and distal portions of the shaft. The
proximal portion 204 can be coupled to a handle (not shown) that can have one or more
adjustment mechanisms for increasing and decreasing tension in the pull wires, either

independently or together.

[052] The shaft 202 can further comprise a main pull-wire lumen 212 extending
parallel to a central axis X of the shaft through the proximal portion 204 and through a
proximal section 220 of the distal portion 206. Some embodiments of the shaft include
separate pull-wire lumens rather than a single main pull-wire lumen, as discussed above
for the catheter device 100. The main pull-wire lumen 212 can then split into a first distal
pull-wire lumen 214 and a second distal pull-wire lumen 216 that diverge away from
each other and then extend parallel to each other at angularly spaced locations through a
distal section 222 of the distal portion 206 of shaft. The pull wires 208, 210 can thus
extend through the main pull-wire lumen 212 over the proximal portion 204 and the
proximal section 220 of the distal portion 206 of the shaft. The first and second pull
wires 208, 210 then part ways to extend into the first distal pull-wire lumen 214 and the
second distal pull-wire lumen 216, respectively, over the distal section 222 of the distal

portion 206. Similar to the embodiment of FIGS. 67, the proximal section 220 defines a
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primary flexing section and the distal section 222 defines a secondary flexing section.

The primary flexing section 220 flexes or bends in a primary flexing plane P.

[053] Unlike the embodiment of FIGS. 67, as best seen in FIGS. 9 and 11, at the
distal end of the main pull-wire lumen 212, the distal pull-wire lumens 214, 216 initially
extend circumferentially and longitudinally away from main pull-wire lumen 212 at
different angles or pitches, over a first distance D1. The distal pull-wire lumens 214, 216
then extend parallel to each other over a distance D2. Due to the curvatures of the distal
pull-wire lumens 214, 216, the portions of the pull wires 208, 210 extending through the
distal section 222 are angularly offset to one side of the primary flexing plane P. The first
pull wire 208 is angularly offset from the primary flexing plane P by a first angle o and
the second pull wire 210 is angularly offset from the primary flexing plane by a second
angle op. Thus, the first range of flexion of the secondary flexing section 222 is between
o1 and o relative to the primary flexing plane P. In one specific example, first range of
flexion of the secondary flexing section 222 is between +30° and + 150° relative to the
primary flexing plane P. However, it should be understood that the angles a1, 02 can
vary in different embodiments wherein o and 0 are any angles between zero and 180

degrees and oo is greater than o..

[054] In use, tensioning one or both of the pull wires 208, 210 effectively adjusts
the curvature of the primary flexing section 220 in the primary flexing plane. By
applying different amounts of tension to the pull wires, the secondary flexing section 222
can be made to flex in a respective secondary flexing plane that extends at any angle

relative to the primary flexing plane between o1 and 0.

[055] FIG. 12 is a flattened view and FIG. 13 is a transverse cross section of
another embodiment of a catheter device 300 that is similar to the catheter devices 100
and 200, and consequently, can include any combination of features of catheter devices
100 and/or 200. Similarly to the catheter devices 100 and 200, the catheter device 300
comprises a shaft 302, a proximal portion 204, and a distal portion 206 including a
primary flexing section and a secondary flexing section. A main pull-wire lumen 312

extends through a wall of the shaft 302 and proximal section 320 of the distal portion
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206, parallel to a central axis X of the shaft. A first distal pull-wire lumen 3144, a second
pull-wire lumen 3145, and a third pull-wire lumen 314c¢, diverge from the main pull-wire
lumen before extending longitudinally down a distal section 322 of the distal portion 306

of the catheter device.

[056] As shown in FIG. 13, the first pull wire 312a is offset from the primary
flexing plane P by an angle a1, the second pull wire 3125 is offset by 02, and the third
pull wire by a3, where 0z > 02 > 01, and 03 < 360°. In the illustrated embodiment, the
first, second, and third distal pull-wire lumens are generally equally spaced around a
circumference of the distal section, for example, about 120° apart, and o is about 30°,
o is about 150°, and o3 is about 270°. Other embodiments include other relative
spacings and/or offsets for the distal pull wires and lumens, for example, where control
over a particular part of a total accessible range of secondary flexing portion is of greater

interest to a user.

[057] The first, second, and third pull-wire lumens 314a, 314b, and 314¢ extend
distally from the main pull-wire lumen and diverge circumferentially from each other
over a distance D1, then continue distally, generally parallel to each other over a distance
Do. In the illustrated embodiment, the first distal pull-wire lumen 314a extends from the
main pull-wire lumen at an angle, but in other embodiments, the first pull-wire lumen

extends substantially straight out of the main pull-wire lumen.

[058] The catheter device also includes a first pull wire 3084, a second pull wire
308b, and a third pull wire 308c. The pull wires 308a, 3085, and 308c¢ are disposed
within the main pull-wire lumen 312, and within their respective distal pull-wire lumens
314a, 314b 314c. A distal end of each pull wire is secured to the wall of the catheter
device at or near a distal end 324 thereof, for example, terminating at a ring at or near the
distal end 324. In other embodiments, the distal ends of the pull wires are secured to the
wall at a location more proximal than the distal end 324, for example, in embodiments in
which the distal end 324 is not steerable. The proximal section 320 of the distal portion

defines a primary flexing section, and the distal section 222 defines a secondary flexing
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section, which is generally coextensive with the part of the shaft 304 housing the distal

pull-wire lumens in the illustrated embodiment.

[059] As such, the illustrated embodiment of catheter device 300 is similar to the
illustrated embodiment of catheter device 200 with the first and second pull wires 3084,
308b corresponding to the first and second pull wires 208, 210, respectively, and the first
and second distal pull-wire lumens 314a, 3145 corresponding to the first and second
pull-wire lumens 214, 216, respectively. The catheter device 300 also includes the third
pull wire 308c¢ and respective third pull-wire lumen 314c¢, the addition of which, in
combination with the first and second pull wires, increases a first range of flexion of the
secondary flexing portion to a full 360° around the central axis X in the illustrated

embodiment.

[060] As discussed above, some embodiments of the catheter device 300 have a
different configuration of the pull wires, for example, unequal circumferential spacing.
Some of those configurations will not have an effective first range of flexion of 360°
around the axis X, but instead will have a reduced effective first range of flexion, for

example, about 240°, or about 180°.

[061] In general, deflecting the second flexing section is more controllable when
the pair of pull wires controlling that portion of the deflection are disposed closer
together circumferentially (e.g., a smaller angular width). As such, there is a tradeoff
between controllability and range. Accordingly, some embodiments of the catheter
device 300 include greater than 3 pull wires, embodiments of which provide improved

controllability in combination with up to a 360° first range of flexion.

General Considerations

[062] For purposes of this description, certain aspects, advantages, and novel
features of the embodiments of this disclosure are described herein. The disclosed
methods, devices, and systems should not be construed as limiting in any way. Instead,
the present disclosure is directed toward all novel and nonobvious features and aspects of
the various disclosed embodiments, alone and in various combinations and sub-

combinations with one another. The methods, devices, and systems are not limited to any



WO 2016/090025 PCT/US2015/063481

-21 -

specific aspect or feature or combination thereof, nor do the disclosed embodiments

require that any one or more specific advantages be present or problems be solved.

[063] Features, integers, characteristics, compounds, chemical moieties or groups
described in conjunction with a particular aspect, embodiment or example of the
invention are to be understood to be applicable to any other aspect, embodiment or
example described herein unless incompatible therewith. All of the features disclosed in
this specification (including any accompanying claims, abstract and drawings), and/or all
of the steps of any method or process so disclosed, may be combined in any
combination, except combinations where at least some of such features and/or steps are
mutually exclusive. The invention is not restricted to the details of any foregoing
embodiments. The invention extends to any novel one, or any novel combination, of the
features disclosed in this specification (including any accompanying claims, abstract and
drawings), or to any novel one, or any novel combination, of the steps of any method or

process so disclosed.

[064] Although the operations of some of the disclosed methods are described in a
particular, sequential order for convenient presentation, it should be understood that this
manner of description encompasses rearrangement, unless a particular ordering is
required by specific language. For example, operations described sequentially may in
some cases be rearranged or performed concurrently. Moreover, for the sake of
simplicity, the attached figures may not show the various ways in which the disclosed
methods can be used in conjunction with other methods. As used herein, the terms “a”,
“an”, and “at least one” encompass one or more of the specified element. That is, if two
of a particular element are present, one of these elements is also present and thus “an”

element is present. The terms “a plurality of”” and “plural” mean two or more of the

specified element.

[065] As used herein, the term “and/or” used between the last two of a list of
elements means any one or more of the listed elements. For example, the phrase “A, B,

and/or C” means “A” ,“B”, “C”, “A and B”, “A and C”, “B and C”, or “A, B, and C.”
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[066] As used herein, the term “coupled” generally means physically coupled or
linked and does not exclude the presence of intermediate elements between the coupled

items absent specific contrary language.

[067] In view of the many possible embodiments to which the principles of the
disclosed invention may be applied, it should be recognized that the illustrated
embodiments are only preferred examples of the invention and should not be taken as
limiting the scope of the invention. Rather, the scope of the invention is defined by the
following claims. We therefore claim as our invention all that comes within the scope

and spirit of these claims.
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WE CLAIM:

1. A steerable catheter device, comprising:

a shaft comprising a proximal portion, a distal portion, and a pull-wire lumen that
extends at least partially through the proximal and distal portions;

a pull wire extending through the pull-wire lumen and having a proximal end
portion and a distal end portion, wherein the distal end portion of pull
wire is fixed to the distal portion of the shaft;

an adjustment mechanism operatively connected to the proximal end portion of
the pull wire and configured to increase and decrease tension in the pull
wire to adjust the curvature of the distal portion of the shaft; and

an axially non-compressible pull-wire sleeve extending co-axially through the
pull-wire lumen and over the pull wire;

wherein the pull-wire sleeve comprises a distal terminal end that is fixed relative
to the shaft inside of the pull-wire lumen and a proximal terminal end that
is fixed relative to the shaft, and the pull-wire sleeve is unattached to the
pull-wire lumen between the distal terminal end and the proximal terminal

end.

2. The catheter device of claim 1, wherein the pull-wire sleeve comprises a

closed-pitch coil.

3. The catheter device of any preceding claim, wherein the pull-wire sleeve

is free-floating within the pull-wire lumen.

4. The catheter device of any preceding claim, wherein the pull-wire sleeve
comprises a proximal end portion that extends outside of and alongside the shaft and the

pull wire extends proximally past the proximal end portion of the pull-wire sleeve.

5. A steerable catheter device, comprising:
a shaft comprising a proximal portion, a distal portion, and a pull-wire lumen that

extends at least partially through the proximal and distal portions;
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a pull wire extending through the pull-wire lumen and having a proximal end
portion and a distal end portion, wherein the distal end portion of pull
wire is fixed to the distal portion of the shaft;

an adjustment mechanism operatively connected to the proximal end portion of
the pull wire and configured to increase and decrease tension in the pull

wire to adjust the curvature of the distal portion of the shaft; and

an axially non-compressible pull-wire sleeve extending co-axially through the

pull-wire lumen and over the pull wire;

wherein the pull-wire sleeve comprises a proximal end portion that extends
outside of and alongside the shaft and the pull wire extends proximally past the proximal

end portion of the pull-wire sleeve; and

a handle and a stop member fixed relative to the shaft at a location distal to the
handle, and wherein the pull-wire sleeve has a proximal terminal end fixed to the stop

member, and the pull wire extends proximally through the stop member and into the

handle.

6. The catheter device of claim 4, wherein the proximal end portion of the
pull-wire sleeve extending outside of the shaft is longer than a section of the shaft
- measured from a first location where the pull-wire sleeve first extends outside of the

shaft to a second location at a proximal terminal end of the pull-wire sleeve.
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7. The catheter device of claim 1, wherein the pull wire extends distally past
the pull-wire sleeve into a distal section of the pull-wire lumen not occupied by the pull-

wire sleeve.

8. The catheter device of any preceding claim, wherein the shaft comprises a
first shaft and the catheter device further comprises a second shaft and another
adjustment mechanism configured to adjust the curvature of a distal portion of the
second shaft, the first shaft extending co-axially through and distally past the second
shaft such that the curvature of the distal portion of the first shaft can be adjusted relative
to the second shatft.

9. The catheter device of any preceding claim comprising only one pull

wire.
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