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DELIVERY SYSTEM FOR PROSTHETIC HEART VALVE

FIELD
[001] The present disclosure concerns embodiments of delivery systems for implanting prosthetic

heart valves.

BACKGROUND
[002] Prosthetic cardiac valves have been used for many years to treat cardiac valvular disorders.
The native heart valves (such as the aortic, pulmonary and mitral valves) serve critical functions in
assuring the forward flow of an adequate supply of blood through the cardiovascular system. These
heart valves can be rendered less effective by congenital, inflammatory or infectious conditions.
Such damage to the valves can result in serious cardiovascular compromise or death. For many
years the definitive treatment for such disorders was the surgical repair or replacement of the valve
during open heart surgery, but such surgeries are prone to many complications. More recently, a
transvascular technique has been developed for introducing and implanting a prosthetic heart valve

using a flexible catheter in a manner that is less invasive than open heart surgery.

[003] In this technique, a prosthetic valve is mounted in a crimped state on the end portion of a
flexible catheter and advanced through a blood vessel of the patient until the prosthetic valve
reaches the implantation site. The prosthetic valve at the catheter tip is then expanded to its
functional size at the site of the defective native valve, such as by inflating a balloon on which the
prosthetic valve is mounted. Alternatively, the prosthetic valve can have a resilient, self-expanding
stent or frame that expands the prosthetic valve to its functional size when it is advanced from a

delivery sheath at the distal end of the catheter.

[004] A catheter assembly and/or a prosthetic valve that has a relatively large profile or diameter
in the compressed state can inhibit the physician’s ability to advance the prosthetic valve through
the femoral artery or vein. More particularly, a smaller profile allows for treatment of a wider
population of patients, with enhanced safety. Thus, a need exists for delivery devices that can
minimize the overall crimp profile of the catheter assembly and the prosthetic valve for the delivery

of the prosthetic valve through the patient’s vasculature.

[005] Relatively long delivery devices, such as used for transfemoral delivery of a prosthetic

valve, can inhibit the physician’s ability to position the prosthetic valve precisely at the desired
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implantation site because the forces applied to the handle at one end of the delivery device can
cause unwanted movement of the prosthetic valve at the opposite end of the delivery device. Thus,
a need exists for delivery devices that allow a physician to accurately control the positioning of the

prosthetic valve at the desired implantation location.

[006] Moreover, reducing the diameter of a catheter assembly can reduce the flexural strength of
the catheter assembly, which can complicate advancement of the assembly through the body and
positioning of the implant. Thus, a need exists for delivery devices with improved catheter

assemblies and control mechanisms for positioning valves.

SUMMARY
[007] Certain embodiments of the disclosure concern delivery devices for prosthetic implants. In
a representative embodiment, a delivery apparatus for implanting a prosthetic implant in a native
lumen of the body comprises a handle portion, and a first shaft extending from and movable
relative to the handle portion. The first shaft comprises a proximal end portion coupled to the
handle portion and a distal end portion. The delivery apparatus further comprises a second shaft
extending from the handle portion and coaxially disposed within the first shaft. The second shaft
comprises a proximal end portion coupled to the handle portion and a distal end portion configured
to mount a prosthetic implant in a radially compressed state. The handle portion of the delivery
apparatus further comprises a steering assembly configured to move the first shaft longitudinally

relative to the second shaft while concurrently flexing the second shaft.

[008] In another representative embodiment, a method of implanting a radially compressible and
expandable prosthetic heart valve in a native valve of the heart comprises introducing a delivery
device into the body of a patient, the delivery device comprising a handle portion, a first elongated
shaft extending from the handle portion, and a second shaft coaxially disposed within the first shaft
and having a distal end portion mounting a prosthetic heart valve in a radially compressed state.
The method further comprises advancing the distal end portion of the second shaft toward the
native heart valve, wherein the act of advancing comprises pushing the handle portion distally so as
to push the delivery device distally through the patient toward the native heart valve. The method
further comprises steering the delivery device through the patient’s vasculature by operating a
steering assembly coupled to the handle portion, operation of the steering assembly causing
proximal or distal motion of the first shaft relative to the second shaft and concurrent flexing or

unflexing of the second shaft. After the prosthetic heart valve has been moved to a desired
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implantation position, the method further comprises radially expanding the prosthetic heart valve to

engage the annulus of the native heart valve.

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

the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[010] FIG. 11is a side view of a representative embodiment of a delivery apparatus for a prosthetic

implant.

[011] FIG. 2 is a side view of the handle portion of the delivery apparatus of FIG. 1 with a portion

of the shell removed to illustrate the interior of the handle portion.
[012] FIG. 3 is a side view of a distal end portion of the delivery apparatus of FIG. 1.

[013] FIG. 4 is a perspective view of a representative embodiment of a catheter assembly with the

components longitudinally spaced apart for purposes of illustration.

[014] FIG. 5 is a cross-sectional view of the catheter assembly of FIG. 4 taken along line 5-5 of
FIG. 4.

[015] FIG. 61is a perspective view of an embodiment of a tube including a flexible portion.

[016] FIG. 7 is a perspective view of the handle portion of the delivery apparatus of FIG. 1 with a

portion of the shell removed to illustrate the interior of the handle portion.
[017] FIG. 8 is a perspective view of a representative embodiment of a rotatable member.

[018] FIG. 9is a cross-sectional side view of the rotatable member of FIG. 8 taken along line 9-9

of FIG. 8.

[019] FIG. 10 is a perspective view of a representative embodiment of a pull wire coupling

member.

[020] FIG. 11 is a cross-sectional perspective view of an outer shaft coupling member.
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[021] FIG. 12 is a side view of the delivery apparatus of FIG. 1 with a balloon shaft in a flexed

state and an outer shaft in a retracted position.
[022] FIG. 13 is a perspective view of a representative embodiment of a prosthetic heart valve.
[023] FIG. 14 is a side elevation view of the prosthetic heart valve of FIG. 13.

[024] FIG. 15 is a process flow diagram illustrating a representative method of using a delivery

apparatus.

[025] FIG. 16 is a schematic side view of a distal end portion of a catheter device, according to
another embodiment, having two pull wires that extend through a central proximal lumen and two

distal lumens.

[026] FIG. 17 is a cross-sectional side view of a distal end portion of another embodiment of the

catheter device of FIG. 16.
[027] FIG. 18 is a top plan view of a portion of a braided layer of the catheter device of FIG. 17.

[028] FIG. 19 is a cross-sectional view of the catheter device of FIG. 17, taken along line 19-19 of
FIG. 17.

[029] FIG. 20 is a perspective view of the catheter device of FIG. 17, showing the ability of the

distal tip portion to flex at various angles within a range of flexion (a) of the distal top portion.

[030] FIG. 21 is a schematic cross-sectional view of the braided layer of the catheter device of
FIG. 17 illustrating representative positions of the pull wires in the distal portion of the catheter

device.

[031] FIG. 22 is a cross-sectional side view of a distal end portion of another embodiment of a

catheter device including three pull wires.

[032] FIG. 23 is a cross-sectional view of the catheter device of FIG. 22 taken along line 23-23 of
FIG. 22.

[033] FIG. 24 is a cross-sectional view of the catheter device of FIG. 22 taken along line 24-24 of
FIG. 22.
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[034] FIG. 25 is a cross-sectional view of the catheter device of FIG. 22 taken along line 25-25 of
FIG. 22.

[035] FIG. 26 illustrates another embodiment of the braided layer of the catheter device of FIG.

17 in which the braid members are braided in a triaxial braid.

DETAILED DESCRIPTION
[036] In particular embodiments, a delivery apparatus for implanting a prosthetic, transcatheter
heart valve via a patient’s vasculature includes a steering device for steering or adjusting the
position of a balloon member including a prosthetic valve radially crimped thereon. The balloon
member can be mounted on a distal end of a balloon catheter extending coaxially within another
catheter. As described below in more detail, the balloon member and the crimped prosthetic valve
can enter the vasculature of a patient through an introducer sheath and, once the balloon member
and the crimped prosthetic valve reach a suitable location in the body, the prosthetic valve can be
expanded at the treatment site (e.g., the native aortic valve). The steering device can further be
used to accurately adjust or “fine tune” the position of the prosthetic valve relative to the desired

deployment location.

[037] FIG. 1 shows a delivery apparatus 10 adapted to deliver a prosthetic heart valve 12 (e.g., a
prosthetic aortic valve) to a heart, according to one embodiment. The apparatus 10 generally
includes a catheter assembly 22 having a first, outer catheter shaft 14, a second, balloon catheter
shaft 16 (see, e.g., FIGS. 2 and 7) extending through the outer shaft 14, and a third, guidewire shaft
18 (FIG. 3) extending through the balloon catheter shaft 16. The outer shaft 14 and the balloon
catheter shaft 16 in the illustrated embodiment are adapted to slide longitudinally relative to each
other to facilitate delivery and positioning of the prosthetic valve 12 at an implantation site in a

patient’s body, as described in detail below.

[038] The delivery apparatus can also include a handle portion 20 from which the catheter
assembly extends. FIG. 2 shows the outer catheter shaft 14 extending from the handle portion 20
over the balloon catheter 16 and the guidewire shaft 18. In the illustrated embodiment, the outer
catheter 14 can include a proximal end portion 24 disposed inside the handle portion 20, and a
distal end portion 26 (see, e.g. FIG. 1). The balloon catheter shaft 16 can also include a proximal
end portion 28 disposed inside the handle portion 20, and a distal end portion 30 configured to

mount the prosthetic valve 12 in a radially compressed state.
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[039] Referring to FIG. 3, the distal end portion 30 of the balloon catheter shaft 16 can comprise
a balloon mounting portion 32 configured to support an inflatable balloon 34. A proximal end
portion 36 of the balloon can be folded around a proximal shoulder member 38 (also referred to as
a “stop”) of the balloon mounting portion 32 mounted on the end of the balloon catheter shaft 16
and a distal end portion 40 of the balloon 34 can be folded around a distal shoulder member 42 of
the balloon mounting portion mounted on the distal end portion of the guidewire shaft 18. In
certain embodiments, the distal end of the outer shaft 14 terminates proximal to the proximal end of
the balloon 32. In the illustrated embodiment, the proximal end portion 36 of the balloon 34 is
secured to the balloon catheter shaft 16. The distal end portion 40 of the balloon can be secured to

a nose cone 44 disposed on or otherwise coupled to the guidewire shaft 18.

[040] Turning to the catheter assembly 22 in more detail, FIG. 4 illustrates the components of the
catheter assembly longitudinally spaced apart for purposes of illustration. FIG. 5 is a cross-
sectional view of the catheter assembly 22 taken along line 5-5 of FIG. 4. In certain embodiments,
the outer shaft 14 can comprise an inner layer 46 and an outer layer 48. In some embodiments, the
inner layer 46 can be configured to provide axial strength or stiffness to the outer shaft to reduce
the tendency of the outer shaft to flex under axial loads (e.g., when pushing the catheter assembly
through a patient’s vasculature), while the outer layer 48 can be more flexible than the inner layer.
For example, in the illustrated embodiment, the inner layer is configured as a tube 50 defined by a
plurality of helically wound filaments or filars 52 (e.g., Helical Hollow Strand® tube available
from Fort Wayne Metals Research Products Corp.). The filars 52 can be made of any of various

biocompatible metals such as stainless steel, titanium, nickel-titanium alloys (e.g., Nitinol), etc.

[041] In the illustrated embodiment, the tube 50 can include an inner and outer layer of filars 52.
However, it should be understood that the tube 50 can include any suitable number of layers of
filaments, such as a single layer or three layers. The filars 52 can have a round cross-section, or
any other suitably-shaped cross-section. Additionally, the filars 52 can have uniform diameters, or
non-uniform diameters. For example, the diameter of the filars can vary between the inner and
outer layer of filars, and/or the diameter can vary radially about the cross-section of the tube 50, or
longitudinally along its length, depending upon the particular properties desired. In alternative
embodiments, the tube 50 can be a braided metal wire tube, or any other construction exhibiting
suitable stiffness properties. For example, in some embodiments, the tube 50 can be made from

braided metal wire (e.g., 304 grade stainless steel flat wire and/or round wire braids in a one-over-
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one pattern). In alternative embodiments, the tube 50 can be an extruded polymer tube or a laser-
cut metal tube, such as a laser-cut hypotube including one or more cut patterns along its length, or a
tube made of any other suitable material with a relatively higher durometer than the balloon

catheter shaft 16.

[042] The outer layer 48 covering the tube 50 can be a polymeric covering, such as a polyether
block amide (commercially available as Pebax™), nylon, or any other suitable biocompatible
polymer. In some embodiments, the outer layer 48 can have a longitudinally varying hardness or
durometer. For example, the durometer of the outer layer 48 can be relatively higher at the
proximal end portion 24 of the outer catheter and relatively lower at the distal end portion 26 to
provide, for example, flexural stiffness to the outer catheter 14 at the proximal end and greater
flexibility at the distal end portion. In a representative example, the proximal end portion can be
made from a material (e.g., a Nylon 12 material such as Grilamid TR55LX) having a relatively
higher durometer (e.g., about 72 D), and the distal end portion can made from a material (e.g.,
Pebax®) having a relatively lower durometer (e.g., about 55 D). In some embodiments, the outer
layer 48 can include a durometer transition region 59 located at the distal end of the outer layer
where the outer layer transitions from a relatively higher durometer to a relatively lower durometer.
In alternative embodiments, the outer layer 48 can be disposed inside the tube 50. In further
alternative embodiments, the outer shaft 14 can include a polymeric layer on the interior and on the

exterior of the tube 50, as desired.

[043] The balloon catheter shaft 16 can be coaxially disposed within the outer shaft 14. The
outer shaft 14 can be movable relative to the balloon catheter shaft 16, as described in greater detail
below. Thus, either or both of the balloon catheter shaft 16 and the outer shaft 14 can include a
low-friction coating, such as polytetrafluoroethylene (PTFE) or fluorinated ethylene propylene
(FEP), to promote sliding of the shafts relative to one another. Referring to FIG. 5, the balloon
shaft can define a lumen or fluid passageway 54 that is fluidly connectable to a fluid source (e.g.,
saline) to inflate the balloon and flush the space between the balloon shaft and the guidewire shaft.
For example, in the illustrated embodiment, the proximal end portion 28 of the balloon catheter
shaft 16 can be coupled to a branched connector member 61 (FIG. 2). The connector member 61
can include a first tubular portion 63 in fluid communication with the lumen 54 of the balloon shaft.
Fluid (e.g., from an external fluid source) can flow through the tubular portion 63 of the connector

member 61, through the lumen 54 of the balloon shaft, and through passages in the proximal and
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distal shoulders 38 and 42 of the balloon mounting portion 32 (FIG. 3). The fluid can then flow
into the proximal and distal end portions 36, 40 of the balloon 34 to inflate the balloon and expand
the valve 12.

[044] In the illustrated embodiment, the balloon catheter shaft 16 can also define a pull wire
lumen 56 through which a pull wire 58 (see, e.g., FIGS. 2 and 7) can extend between the handle
portion and a pull wire attachment portion 60 at or near the distal end of the balloon catheter shaft
(see, e.g., FIGS. 1 and 12). Tensioning or releasing the pull wire 58 can allow an operator to adjust
the curvature of the catheter assembly to assist in guiding the apparatus through the patient’s
vasculature and, in particular, the aortic arch, as further described below. In some embodiments,
the pull wire lumen 56 can also include an anti-friction coating (e.g., PTFE or FEP) to reduce

sliding friction between the lumen and the pull wire 58.

[045] The balloon catheter shaft 16 can be flexible such that tensioning or releasing the pull wire
58 causes flexing or unflexing of the balloon shaft. Thus, the balloon catheter shaft 16 can be made
from any of various suitable materials, such as braided or coiled stainless steel wires or
combinations thereof, or any of various biocompatible polymeric materials such as nylon or
polyether block amides (e.g., Pebax®). In some embodiments, the balloon catheter shaft 16 can
have longitudinal sections formed from different materials in order to vary the flexibility of the

shaft along its length.

[046] The guidewire shaft 18 can be coaxially disposed within the balloon catheter shaft 16, and
can define a lumen for receiving a guidewire 62 (see, e.g., FIGS. 1 and 3). The guidewire shaft 18
can be configured to flex with the balloon catheter shaft 16 upon application or release of tension
on the pull wire 58. In the illustrated embodiment, the connector member 61 can include a second
tubular portion 65 defining a lumen in communication with the lumen of the guidewire shaft 18
through which the guidewire 62 can be inserted. The guidewire shaft 18 can be made from suitably
flexible materials, such as nylon, braided stainless steel wires, or polymeric materials, similar to the
balloon shaft. The interior surface of the guidewire shaft can also include an anti-friction coating
(e.g., PTFE) to reduce sliding friction between the lumen and the guidewire 62, and may be formed
with longitudinal sections having different degrees of flexibility corresponding to, for example, the

balloon catheter shaft 16.
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[047] FIG. 6 illustrates another configuration of the tube 50 of the outer shaft 14 wherein a distal
end portion 25 of the tube includes a retaining portion 27. In certain embodiments, the retaining
portion 27 can be configured as, for example, a retaining member such as a metal ring secured
inside the lumen of the tube (e.g., by welding). In certain embodiments, the retaining portion 27
can be a region where the filars 52 are welded together or otherwise joined to one another. The
portions of the filars 52 located distally of the retaining portion 27 can then be separated or
unwound (e.g., by cutting the distal end portion of the tube 50 and partially unwinding the filars) to
define a relatively more flexible portion 29. The distal tip ends of the filars 52 can then be re-
welded to one another such that the filars are coupled to one another at their respective distal tip
ends and at the retaining portion 27, but not coupled to one another along the length of the flexible
portion 29. In this manner, the portions of the filars in the flexible portion 29 can move
independently relative to one another and separate from one another as the tube 50 bends or flexes
as shown in FIG. 6, thereby providing a greater degree of flexibility to the distal end portion of the

outer shaft 14 without substantially compromising the axial stiffness of the outer shaft.

[048] In certain embodiments, unwinding the filars 52 in the flexible portion 29 can also result in
greater spacing between adjacent filars, and/or can allow the pitch of the portions of the filars in the
flexible region to vary relative to the pitch of the portions of the filars proximal of the flexible
region. For example, by unwinding the filars in the flexible region, the pitch of the portions of the
filars in the flexible region can vary with flexing and unflexing of the tube 50 relative to the pitch

of the portions of the filars outside of the flexible portion.

[049] The tube configuration of FIG. 6 can be used with any of the catheter shaft and/or delivery
handle embodiments described herein. Additionally, the flexible portion 29 need not be confined to
the distal end of the tube 50, but can extend along any suitable portion of the length of the tube,
including along the entire length of the tube, as desired. In some embodiments, the distal end
portion of the tube 50 can be shape-set to have a predetermined curvature, as shown in FIGS. 1 and
6. In embodiments including the flexible portion 29, the flexible portion can also be shape-set such
that it has a predetermined curvature. Alternatively, the tube 50 can be straight without any preset

curvature.

[050] In further embodiments, the filars 52 can have a reduced thickness along a length of the
distal end portion 25 of the tube 50 such that the tube has a reduced outer diameter to promote

flexibility. For example, in some embodiments, the thickness of the filars at the distal end portion
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of the tube can decrease as a function of length such that the diameter of the tube 50 reduces from a
first outer diameter D1 to a second outer diameter D> (FIG. 6). In this manner, the distal end
portion of the tube 50 can have a tapered profile, and the flexibility of the distal end portion of the
tube can be improved. In an exemplary embodiment, the outer diameter of the tube 50 can decrease
from about 0.155 inch to about 0.135 inch over a length of about 15 cm, about 10 ¢cm, or about 5
cm from the distal end of the tube. This reduction in outer diameter can be achieved by, for
example, grinding the filars along their length to achieve the desired thickness, or by otherwise

varying the thickness of the filar strands at the distal end portion of the tube.

[051] Referring again to FIGS. 1 and 2, the handle portion 20 in the illustrated embodiment can
comprise first and second shell portions 64, 66 coupleable to one another to define an interior
cavity 68 (FIGS. 2 and 7). As best shown in FIGS. 2 and 7, the handle portion 20 can include a
steering assembly 70 for steering the delivery apparatus through a patient’s vasculature (e.g., the
aortic arch) and positioning the balloon and prosthetic valve in the annulus of a native heart valve.
The steering assembly 70 can include a control member configured as a rotatable member 72
including a knob portion 74, a first threaded shaft 76, and an internally-threaded tubular portion 78
configured to receive a second threaded shaft 80. In the illustrated embodiment, the rotatable
member 72 and the first threaded shaft 76 can be part of a balloon shaft-flexing sub-assembly 37,
and the second threaded shaft 80 can engage with the rotatable member as part of an outer shaft-
moving sub-assembly 39. In the illustrated embodiment, the balloon shaft-flexing sub-assembly 37
and the outer shaft-moving sub-assembly 39 can be jointly operable by rotation of the rotatable

member, as described in greater detail below.

[052] FIGS. 8 and 9 illustrate the rotatable member 72 in greater detail. In the illustrated
embodiment, the first threaded shaft 76 and the tubular portion 78 are integrally formed with the
knob portion 74. However, it should be understood that the knob portion 74, the first threaded shaft
76 and/or the tubular portion 78 can also be separately formed components. Additionally, although
the rotatable member 72 is illustrated with the first threaded shaft 76 extending proximally from the
knob portion 74, it should be understood that the orientation of the rotatable member can be

reversed without substantially altering its principle of operation.

[053] The rotatable member 72 and the first and second threaded shafts 76, 80 can be disposed
coaxially about the balloon catheter shaft 16. As stated above, the second threaded shaft 80 can be

received in the tubular portion 78 of the rotatable member as a part of the outer shaft-moving sub-
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assembly 39. The tubular portion 78 of the rotatable member can include internal threads 82 (FIG.
9) defined on the inner surface of the tubular portion that can engage external threads 67 on the
exterior of the second threaded shaft 80. In this manner, rotation of the rotatable member 72 in the
directions indicated by double-headed arrow 21 (FIG. 7) causes corresponding rotation of the first
threaded shaft 76 about the balloon catheter shaft 16 in the same direction. Rotation of the
rotatable member 72 also causes longitudinal motion of the second threaded shaft 80 along the
balloon catheter shaft in the directions of double-headed arrow 23 between a proximal position and

a distal position.

[054] Referring again to FIG. 7, the balloon shaft-flexing sub-assembly 37 of the steering
assembly 70 can further include a pull wire coupling member 84 movably disposed on the first
threaded shaft 76. In the illustrated embodiment, the pull wire 58 can exit the pull wire lumen 56
of the balloon catheter shaft 16 adjacent the proximal end portion 28 of the balloon catheter shaft.
Tracing the pull wire 58 from the location at which it exits the balloon catheter shaft, the pull wire
58 can extend radially away from the balloon catheter shaft and wrap at least partially around a pull
wire guide member configured as a post 88. In the illustrated embodiment, the pull wire guide
member 88 extends into the cavity 68 from the second shell portion 66 of the handle in a direction
generally perpendicular to a longitudinal axis 75 (FIG. 2) of the handle portion. A proximal portion
of the wire can be fixedly secured to a mounting portion 90 of the pull wire coupling member 84.
In the illustrated embodiment, the pull wire guide member 88 can guide the pull wire 58 radially
away from the balloon catheter shaft 16 to the pull wire coupling member 84. It should be
understood that the pull wire guide member 88 need not be configured as a post, but can be, for

example, a ramp member, or any other suitable structure.

[055] FIG. 10 illustrates the pull wire coupling member 84 in greater detail. In the illustrated
embodiment, the pull wire coupling member 84 can include a tubular main body portion 92 from
which the mounting portion 90 extends. The mounting portion 90 can include one or more pull
wire attachment members configured as projection members 94 (e.g., two in the illustrated
configuration) to which the pull wire 58 can be tied or otherwise attached. An inner surface of the
main body portion 92 can define threads 96 that can engage exterior threads 69 of the first threaded
shaft 76. In this manner, rotation of the first threaded shaft 76 can cause corresponding
longitudinal motion of the pull wire coupling member 84 along the first threaded shaft between a

proximal position and a distal position in the directions indicated by double-headed arrow 53 (FIG.
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7). This longitudinal motion of the pull wire coupling member can increase or decrease tension in
the pull wire 58, thereby flexing or unflexing the balloon shaft 16. Thus, the proximal position of
the pull wire coupling member 84 can correspond to a substantially slackened state of the pull wire
58 and an unflexed state of the balloon shaft 16 (absent any shape-set curvature of the catheter
assembly) and the distal position of the pull wire coupling member can correspond to a tensioned

state of the pull wire and a fully flexed state of the balloon shaft (see, e.g., FIG. 12).

[056] The pull wire coupling member can also include a pair of extension portions 98 defining a
groove therebetween. In the assembled state, the groove can receive a guide member configured as
a tab or extension portion coupled to the first shell portion 64, similar to the extension portion 77
coupled to the second shell portion 66 illustrated in FIG. 7. The extension portion can extend
parallel to the first threaded shaft 76, and can have a length corresponding substantially to a
permissible length of travel of the pull wire coupling member 84 along the first threaded shaft 76.
By receiving the extension portion of the handle shell, the extension portions 98 can prevent
rotation of the pull wire coupling member 84 as it moves along the length of the threaded shaft 76.
In alternative embodiments, the extension portions 98 can be located on the opposite side of the
pull wire coupling member 84 such that they engage the extension portion 77. In further alternative
embodiments, the pull wire coupling member 84 can include extension portions 98 on both sides to

engage respective extension portions of the first and second shell portions of the handle.

[057] Returning to FIG. 7, the outer shaft-moving sub-assembly 39 can include an outer shaft
coupling member 86 disposed about the balloon catheter shaft 16. The outer shaft coupling
member 86 can include a proximal end portion 31 and a distal end portion 33. The proximal end
portion 31 can be coupled to a guide member 35, and the distal end portion 33 can be configured to
receive the outer shaft 14. The guide member 35 can be disposed on the distal end of the second
threaded shaft 80 such that longitudinal motion of the second threaded shaft 80 caused by rotation
of the rotatable member 72 in turn causes corresponding longitudinal motion of the guide member
35 in the directions of double-headed arrow 23 (FIG. 7). This, in turn, causes longitudinal motion
of the outer shaft coupling member 86 and the outer shaft 14 between the proximal position and the
distal position. Thus, the proximal position of the outer shaft-moving sub-assembly 39 can
correspond to a proximal position of the outer shaft 14 relative to the balloon catheter shaft 16, and
the distal position of the sub-assembly 39 (the position illustrated in FIG. 7) can correspond to a
distal position of the outer shaft 14 relative to the balloon catheter shaft 16. In the illustrated
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embodiment, the guide member 35 can include extension portions 57 similar to the extension
portions 98 of the pull wire coupling member 84. The extension portions 57 can receive a guide
member extending from the wall of the first shell 64 similar to the extension portion 79 of the
second shell portion 66 such that the second threaded shaft 80 is prevented from rotating as it
translates longitudinally relative to the rotatable member. In alternative embodiments, the
extension portions 57 can also be located on the opposite side such that they engage the extension
portion 79, and/or the guide member 35 can include extension portions on both sides to engage the

respective extension portions of the first and second handle portions.

[058] FIG. 11 illustrates a cross-sectional view of the outer shaft coupling member 86 in greater
detail. The distal end portion 33 can define a lumen 41 configured to receive and retain the
proximal end portion of the outer shaft 14. A flush port 43 can extend from the coupling member
86, and can define a lumen 45 in fluid communication with the outer shaft 14. The flush port 43
can connect with a tube 47 (FIG. 7) that exits the handle portion and that can, in turn, be connected
to a stopcock, fluid source, etc., outside the handle. The balloon catheter shaft 16 can extend
through the outer shaft coupling member 86 uninterrupted and can extend through a sealing
member (not shown) disposed between the outer shaft coupling member 86 and the guide member

35 to seal the lumen of the outer shaft coupling member.

[059] Returning to FIG. 1, the rotatable member 72 can be accessible through an opening 51
defined on a side portion of the assembled handle portion. This can allow the rotatable member to

be operated by the thumb, finger(s), or a combination thereof, of one hand.

[060] As described above, the balloon shaft-flexing sub-assembly 37 and the outer shaft-moving
sub-assembly 39 of the steering assembly 70 can be jointly operable by rotation of the rotatable
member 72. FIG. 1 illustrates the delivery apparatus with the outer shaft 14 in the distal position
relative to the balloon catheter shaft 16. Rotation of the rotatable member 72 in a first direction
(e.g., clockwise from the perspective of a user in the direction of arrow 73 of FIG. 12) can cause
clockwise rotation of the first threaded shaft 76 and corresponding distal motion of the pull wire
coupling member 84 along the threaded shaft 76. This, in turn, can apply tension to the pull wire
58 as the pull wire coupling member 84 moves along the threaded shaft 76, causing the balloon
catheter shaft 16 to flex such that the balloon mounting portion 32 is deflected or curved in the

direction indicated by arrow 71 of FIG. 12. Conversely, rotation of the knob 74 in the opposite
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direction can advance the outer shaft 14 relative to the balloon catheter shaft 16 and return the

balloon catheter shaft to a non-deflected state.

[061] Simultaneously, rotation of the rotatable member 72 can cause corresponding proximal
motion of the second threaded shaft 80 and the outer shaft coupling member 86 with respect to the
rotatable member. This, in turn, can cause proximal motion of the outer shaft 14 relative to the
balloon catheter shaft 16 in the direction of arrow 55 of FIG. 12 while the balloon catheter shaft is

being flexed.

[062] The simultaneous flexing of the balloon catheter shaft 16 and retraction of the outer shaft
14 enabled by the embodiments described herein, as well as the catheter assembly configurations,
can provide significant advantages. For example, by making the outer shaft 14 relatively stiffer or
less flexible than the balloon catheter shaft 16, the outer shaft can provide columnar strength and
resistance to buckling in axial loading situations when it is disposed over the length of the balloon
catheter shaft in the distal position. This can reduce or eliminate undesirable buckling of the
catheter assembly as it is advanced through narrow passages, such as through an introducer sheath
or through narrow vessels in the body. The catheter configurations described herein can also allow
the outer diameter of the catheter assembly 22 to be reduced (e.g., to 12 Fr or less), while providing
suitable axial stiffness properties during insertion and flexibility properties when steering. In
alternative embodiments, the outer shaft 14 need not be stiffer than the balloon catheter shaft 16.
Nonetheless, the outer shaft enhances the overall rigidity along the distal end portion of the catheter

assembly when the outer shaft is in the distal position.

[063] Once inside the body, the ability to simultaneously retract the outer shaft 14 when the
balloon catheter shaft 16 is flexed can enhance the degree of flexure achievable by the balloon
catheter shaft, allowing the catheter assembly to be steered through tortuous anatomy such as the
aortic arch. Concurrently retracting the outer shaft 14 while flexing the balloon catheter shaft 16
can also offer improvements in the ability to control the position of the balloon mounting portion
32. For example, due to the relatively higher stiffness of the outer shaft 14 as compared to the
balloon catheter shaft 16 (or due to the relatively higher stiffness of the combination of the outer
shaft and the balloon catheter shaft as compared to the balloon catheter shaft alone), the location of
the distal end portion 26 of the outer shaft relative to the balloon catheter shaft can determine the
point at which the balloon catheter shaft begins to bend, or its “flex point.” This is illustrated in
FIG. 12, in which the outer shaft 14 and the portion of the balloon catheter shaft 16 disposed within
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the outer shaft are relatively straight (absent any shape-set curvature), and the balloon catheter shaft
begins to flex at the point at which it emerges from the distal end portion of the outer shaft.
Retracting the outer shaft while flexing the balloon catheter shaft can also allow the user to more
precisely control the radius of curvature of the balloon catheter shaft, as well as the degree of

flexion of the balloon catheter shaft.

[064] The embodiments described herein can also provide improved repeatability in bending
location or “flex point” of the balloon catheter shaft, along with the degree of bending of the
balloon catheter shaft, among different users. Stated differently, because the balloon shaft-flexing
sub-assembly and the outer shaft-moving sub-assembly are mechanically linked, the balloon
catheter shaft can be induced to flex at the same location and achieve substantially the same degree
of curvature for a given position of the outer shaft relative to the balloon catheter shaft, even when

the delivery apparatus is operated by different users.

[065] It should be understood that the embodiments described herein are not limited to the
particular configurations shown. For example, in the illustrated embodiment, the balloon shaft-
flexing sub-assembly 37 is located proximally of the outer shaft-moving sub-assembly 39 inside the
handle portion 20. However, it should be understood that in alternative embodiments the position
of the respective sub-assemblies can be reversed. Additionally, although the first threaded shaft 76
is longitudinally fixed relative to the knob portion 74 while the second threaded shaft 80 is
longitudinally movable, it should be understood that this configuration can be reversed.
Furthermore, motion of the rotatable member 72 can be transmitted to the various components of
the respective sub-assemblies 37, 39 by other than the threaded shafts 76, 80. For example, in
some embodiments the respective sub-assemblies can include gears, levers, or other mechanisms
for transmitting motion in lieu of, or in combination with, the threaded shafts. Such elements can
be used to, for example, decouple the rate at which the balloon shaft is flexed from the rate at
which the outer shaft is retracted. In other embodiments, the steering assembly can include
multiple pull wires that attach at the same or different locations along the length of the balloon
catheter shaft 16 to, for example, facilitate flexing of the balloon catheter shaft or portions thereof

in multiple directions.

[066] FIGS. 13 and 14 show a prosthetic heart valve 100, according to one embodiment, that can
be used with the delivery apparatus 10. The prosthetic heart valve 100 comprises a frame, or stent,

102 and a leaflet structure 104 supported by the frame. In particular embodiments, the heart valve
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100 is adapted to be implanted in the native aortic valve and can be implanted in the body using, for
example, the delivery apparatus 10 described above. The prosthetic valve 100 can also be
implanted within the body using any of the other delivery apparatuses described herein. Thus, the
frame 102 typically comprises a plastically expandable material, such as stainless steel, a nickel
based alloy (e.g., a nickel-cobalt-chromium alloy), polymers, or combinations thereof. In other
embodiments, the prosthetic valve 100 can be a self-expandable prosthetic valve with a frame made
from a self-expanding material, such as Nitinol. When the prosthetic valve is a self-expanding
valve, the balloon of the delivery apparatus can be replaced with a sheath or similar restraining
device that retains the prosthetic valve in a radially compressed state for delivery through the body.
When the prosthetic valve is at the implantation location, the prosthetic valve can be released from
the sheath, and therefore allowed to expand to its functional size. It should be noted that any of the
delivery apparatuses disclosed herein can be adapted for use with a self-expanding valve. In one
implementation, for example, the balloon catheter shaft can be replaced with a shaft having a distal
end portion that comprises a sheath sized to contain the prosthetic valve in its radially compressed
state. The handle of the delivery apparatus can be configured to retract the shaft relative to the

prosthetic valve to deploy the valve from the sheath.

[067] FIG. 15 illustrates a representative embodiment of a method of implanting a prosthetic heart
valve using the delivery devices disclosed herein. At block 202, a delivery device can be
introduced into the body of a patient via, for example, an incision in the femoral artery. The
delivery device can comprise a handle portion, a first elongated shaft extending from the handle
portion, and a second shaft coaxially disposed within the first shaft and having a distal end portion

mounting a prosthetic heart valve in a radially compressed state.

[068] At block 204, the distal end portion of the second shaft can be advanced toward the native
heart valve, wherein the act of advancing comprises pushing the handle portion distally so as to

push the delivery device distally through the patient toward the native heart valve.

[069] At block 206, the device can be steered through the patient’s vasculature by operating a
steering assembly coupled to the handle portion. Operation of the steering assembly can cause
proximal or distal motion of the first shaft relative to the second shaft and concurrent flexing or

unflexing of the second shaft.
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[070] At block 208, after the prosthetic heart valve has been moved to the desired implantation
position, the prosthetic heart valve can be radially expanded to engage the annulus of the native

heart valve, such as by inflating a balloon or by deploying the valve from a sheath.

[071] FIG. 16 shows a catheter device 300, according to another embodiment. The catheter
device 300 in the illustrated embodiment comprises a first pull wire 304, a second pull wire 306,
and a shaft 302 having a proximal portion 315 (FIG. 20) and a steerable distal portion 316. In the
illustrated embodiment, the distal portion 316 can be relatively more flexible than the proximal
portion 315. The proximal portion 315 can be coupled to a handle (not shown) that can have one or
more adjustment mechanisms (e.g., similar to the steering assembly 70) for increasing and
decreasing tension in the pull wires 304, 306. In particular embodiments, the catheter device 300
can have two adjustment mechanisms, each of which is connected to a respective pull wire 304,
306. An example of a catheter device with two adjustment mechanisms is described in U.S. Patent

Application Publication No. 2013/0030519.

[072] The main body 310 can further comprise a main pull-wire lumen 308 extending parallel to
a central axis X of the shaft through the proximal portion 315 and through a proximal section 318
of the distal portion 316. The main pull-wire lumen 308 can then split into a first distal pull-wire
lumen 312 and a second distal pull-wire lumen 314 that diverge away from each other and then
extend generally parallel to each other at angularly spaced locations through a distal section 320 of
the distal portion 316 of shaft. The pull wires 304, 306 can thus extend through the main pull-wire
lumen 308 over the proximal portion 315 and the proximal section 318 of the distal portion 316 of
the shaft. The first and second pull wires 304, 306 then part ways to extend into the first distal pull-
wire lumen 312 and the second distal pull-wire lumen 314, respectively, over the distal section 320

of the distal portion 316.

[073] FIG. 17 illustrates another embodiment of the catheter device 300 in which the first pull
wire 304 is coaxially disposed in, and movable relative to, a first pull-wire lumen 322, and the
second pull wire 306 is coaxially disposed in, and movable relative to, a second pull-wire lumen
324. The pull-wire lumens 322, 324 can be coextensive with the pull wires 304, 306 along
substantially the entire length of the pull wires. Thus, portions of the following description proceed
with reference only to the lumens 322, 324 for clarity, but the described locations, directional

changes, etc., of the pull-wire lumens 322, 324 are applicable to the respective pull wires 304, 306
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as well, and vice versa, unless stated otherwise. Additionally, in other embodiments, the pull wires

304, 306 need not include lumens.

[074] The pull-wire lumens 322, 324 can be disposed in a pull-wire conduit 326 that is
incorporated into the wall of the shaft and extends through the proximal portion 315 and the
proximal section 318 of the distal portion 316 of the shaft. The pull-wire conduit 326 can then
terminate at distal end portion 338, and the pull-wire lumens 322, 324 can extend from the conduit
326 and diverge away from each other about the circumference of the shaft 302. The pull-wire
lumens 322, 324 can then extend generally parallel to each other at angularly spaced locations
through the distal section 320. The pull wires 304, 306 can extend from their respective lumens
where they can be coupled to a pull ring 328 at or near the distal end of the catheter shaft 302, and
can act on the pull ring 328 when tensioned to steer the catheter shaft, as further described below.
In other embodiments, the pull-wire lumens 322, 324 can be grouped together in the proximal

portion 315 and the proximal section 318, and need not include a separate pull-wire conduit.

[075] In some embodiments, the catheter shaft 302 can comprise a plurality of layers of different
materials and/or materials having different durometers or bending properties. For example, with
reference to FIGS. 18 and 19, the distal portion 316 of the shaft 302 can include a first or outer
layer 330, a second layer 332, and a third or inner layer 334 (FIG. 19). In the illustrated
embodiment, the inner and outer layers 334, 330 can be, for example, any of a variety of flexible
polymeric material such as Pebax®, and/or lubricious materials such as polytetrafluoroethylene

(PTFE).

[076] In certain embodiments, the second layer 332 can be a braided layer, as best shown in FIG.
18. The braided layer 332 can comprise a plurality of braid members 336 (e.g., metallic, natural, or
synthetic wires, fibers, filaments, yarns, threads, etc.). The braided layer 332 can have any desired
number of braid members 336, which can be oriented along any suitable number of carrier axes and
braided together. For example, the braid members 336 can be braided together in a biaxial braid, as
shown in FIG. 18, braided in a triaxial braid, as shown in FIG. 26, or in any other braid pattern.

The following discussion proceeds with reference to the biaxial braid illustrated in FIG. 18 for ease
of illustration, but the configurations described herein can be applicable to a braid having any

suitable braid pattern.
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[077] The braid members 336 of the braided layer 332 can cross over or under one another at
points of intersection, referred to herein as “picks” 340. The picks 340 can be angularly spaced
from each other about the circumference of the braided layer 332, with the angular separation
corresponding to, for example, the number of braid members 336 and the number of axes in which
the braid members are arranged. For example, a braided layer including 16 braid members 336
braided in a triaxial braid can have eight picks spaced 45° apart about the circumference of the

braided layer, as best shown in FIG. 21.

[078] Returning to FIG. 18, for purposes of this application, a “row” of picks refers to picks 340
that are located at the same longitudinal distance along the axis X of the shaft 302. Thus, for
example, the picks 340 located along a plane 342 perpendicular to the axis X define a row 344 of
picks. For purposes of this application, picks 340 aligned with one another along an axis parallel to
the axis X of the shaft 302 are referred to as a “column” of picks. Thus, the picks 340 located

along the axis X' define a column 346 of picks.

[079] Still referring to FIG. 18, the pull-wire conduit 326 can be incorporated into the braided
layer 332. For example, in some embodiments, braid members 336 oriented in one or more
directions can pass over the pull-wire conduit 326, while braid members 336 oriented in one or
more other directions can pass underneath the pull-wire conduit, as illustrated in FIG. 18. In other
embodiments, the pull-wire conduit 326 can be located beneath the braided layer 332 such that all

of the braid members 336 in the braid pass over the pull-wire conduit.

[080] The pull-wire conduit 326 can be incorporated into the braided layer such that the pull-wire
conduit extends along a selected column of picks 340. Upon exiting the pull-wire conduit 326, the
lumens 322, 324 and, thus, the pull wires 304, 306, can diverge away from each other while
remaining incorporated into the braided layer 332. Alternatively, the lumens 322, 324 can be
removed from the braid and reintroduced into the braid distally of the pull-wire conduit 326, as
described in greater detail with respect to the embodiment of FIGS. 22-25. In certain
configurations, the pull-wire lumens 322, 324 can diverge from one another in increments related to
the spacing of the picks 340. For example, in FIG. 18, the lumen 322 can diverge from the pull-
wire conduit 326 such that a distal portion 348 of the lumen 322 (and, thus, of the pull wire 304) is
angularly offset from a proximal portion 350 of the lumen 322 by two columns 346 of picks 340.

In the illustrated embodiment, the angular divergence occurs over the space of two rows 344 of

picks 340, although the transition may occur over any suitable number of rows, as desired. The
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second pull wire 306 and lumen 324 can diverge from the pull-wire lumen 326 by the same number
of rows 344 and columns 346 of picks 340, but in the opposite direction from the first pull-wire
lumen 322, such that a distal portion 352 of the lumen 324 is angularly offset from a proximal
portion 354 of the lumen by two columns 344 of picks 340. In this manner, the distal portions 348,
352 of the lumens 322, 324 can be spaced apart from each other symmetrically about the pull-wire

conduit 326.

[081] FIGS. 19 and 21 show the angular positioning of the distal portions 348, 352 of the two
pull-wire lumens 322, 324 (and, thus, the pull wires 304, 306) along an arc defined by the side wall
of the shaft 302. Referring to FIG. 19, the first pull-wire lumen 322 can be positioned along a first
axis B1 extending radially from the central axis X of the shaft 302 to the first lumen 322. The
second pull wire lumen 324 can be positioned along a second axis B extending radially from the
central axis X of the shaft 302 to the second lumen 322. As shown, the distal portions 348, 352 of
the lumens 322, 324 are spaced angularly apart from one another by angle a between axes By 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 up to 360 degrees. In the embodiment shown, the angle a is about 120°.

[082] In embodiments where the pull-wire lumens 322, 324 are aligned along columns 346 of
picks 340 of the braided layer 332, the axes B1 and B> can intersect the columns 346 of picks such
that the angle o depends on the angular spacing between the columns of picks. For example, with
reference to FIG. 21, a tubular braided layer 332 including 16 braid members 336 braided in a
triaxial pattern can include eight picks 340 spaced along its circumference. In this configuration,
each pick 340 is separated from the neighboring picks by about 45°. FIG. 21 schematically
illustrates one configuration in which the first pull-wire lumen 322 is offset from the pull-wire
conduit 326 by one column of picks (e.g., located between respective braid members 336 in FIG.
21), and is intersected by axis B1. The second pull-wire lumen 324 also diverges from the pull-wire
conduit 326 by one column of picks, and is intersected by the axis B,. This results in an angular

separation a1 of 90° between the respective distal portions 348, 352 of the lumens 322, 324.

[083] By offsetting the distal portions 348, 352 of the lumens 322, 324 from the conduit 326 by
an equal number of columns 346 of picks 340, angular spacing of 90° (one column each), 180°
(two columns each), 270° (three columns each), and 360° (four columns each) can be achieved.

The distal portions 348, 352 of the lumens 322, 324 can also be offset from one another by different

numbers of columns 346. For example, if one lumen (e.g., lumen 322) is offset by » columns 346,
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the other lumen (e.g., lumen 324) can be offset by #» + 1 columns. One representative example of
this configuration is also illustrated in FIG. 21, in which the lumen 322 is offset from the conduit
326 by one column and intersected by axis B1, and the second lumen (indicated by 324') is offset
from the conduit by two columns in the opposite direction and intersected by axis B3. In a triaxial
braid with 16 braid members 336, this results in an angular spacing o, of 135° between the
respective distal portions 348, 352'. Following the formula where one lumen is offset by # columns
346, and the other lumen is offset by # + 1 columns, angular spacings of 135°, 225° and 315° can

be achieved.

[084] With reference to FIG. 20, this dual wire configuration allows the shaft 302 to have a
primary flexing section (corresponding to the proximal section 318 of the steerable distal portion
316) and secondary flexing section (corresponding to the distal section 320 of the steerable distal
portion 316). In some embodiments, a durometer of the primary flexing section 318 is about the
same as, higher than, or lower than a durometer of the secondary flexing section 320 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 302 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.

[085] When one or both pull wires 304, 306 are under tension, the primary flexing section 318
flexes or curves in a respective flexing plane P (FIG. 19). By virtue of the pull wires 304, 306
extending through the lumens 322, 324 in close proximity to each other proximally of the steerable
distal portion 316, tensioning either one or both pull wires is effective to adjust the curvature of the
primary flexing section 318 in its respective flexing plane P. By applying differential tension to the
pull wires, the secondary flexing section 320 can be caused to flex in various different directions
relative to the primary flexing section 318. For example, applying the same amount of tension to
each pull wire 304, 306 causes the secondary flexing section 320 to curve in the same plane P as
the primary flexing section. Increasing tension in the first pull wire 304 relative to the second pull
wire 306 causes the secondary flexing section 320 to curve or bend in a first direction away from
the plane P of the primary flexing section 318 (shown in solid lines in FIG. 20). Likewise,

increased tension in the second pull wire 306 relative to the first pull wire 304 causes the secondary
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flexing section 320 to curve or bend in a second direction, opposite the first direction, away from

the plane P of the primary flexing section 318 (shown in phantom in FIG. 20).

[086] In the illustrated embodiment, the secondary flexing section 320 permits a distal tip of the
catheter device 300 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 a (see, e.g., FIGS. 19 and 21) (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 320 (maximally flexed state).
Accordingly, tensioning pull wire 304, optionally while partially untensioning pull wire 306, flexes
the secondary flexing section 320 radially outwards generally along axis B1. Similarly, pull wire
306 1s operable to flex the secondary flexing section 302 along axis B,. By adjusting the relative
tensions between the pull wires 304, 306, the distal tip of the catheter device 300 can be steered to

any intermediate location or point in this space.

[087] The secondary flexing section 320 can thus be made to flex in any radial flexing plane
within angle a. The angular positioning of the pull wires 304, 306 thus defines the azimuthal or
first range of flexion a for the secondary flexing section 320. In the embodiment shown in FIG. 19,
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 embodiments such as FIGS. 19 and 21, where the
pull wires 304, 306 are spaced apart in a braided layer according to the columns 346 of picks 340
along which they are aligned, the angle a and the corresponding first range of flexion can be about
90° (e.g., about —45° to about +45°), about 180 degrees (e.g., about -90° to about +90°), etc. 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°).

[088] In other embodiments, the first range of flexion of the secondary flexing section 320 need
not be symmetrical relative to the primary flexing plane P. For example, the portion of the first pull

wire 304 in the distal portion 348 of the first lumen 322 can be angularly spaced from the pull-wire
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conduit 326 (and the primary flexing plane P) by a first angle 61, and the portion of the second pull
wire 306 in the distal portion 352 of the second lumen 324 can be angularly spaced from the pull-
wire conduit 326 (and the primary flexing plane P) by a second angle 6>, wherein 6, and 6, are not
equal to each other. In this manner, the first range of flexion of the secondary flexing section 320
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.

[089] Incorporating the pull wires into a braided layer can provide significant advantages over
known catheter systems. For example, traditional methods of including multiple pull wires
angularly spaced from one another about the circumference of a catheter shaft require a groove
defined in a mandrel to hold the pull wire (or a spacer mandrel) during manufacture of the catheter.
However, if it is desired that the pull wire curve from one angular location to another, locating the
pull wire in a correspondingly curved groove in the mandrel would cause the pull wire to lock the
catheter to the mandrel, complicating removal of the mandrel from the catheter. Incorporating the
pull wires into a braided layer eliminates this problem, and allows the pull wires to change

direction multiple times, and at any location.

[090] During fabrication of the catheter device 300, the braid members 336 can be braided such
that the pull-wire conduit 326 is incorporated into the braid, as described above. When the braid
reaches the distal end of the pull-wire conduit 326 (which can be positioned, for example, at a
location where a change in deflection direction is desired), the braiding can be temporarily halted,
and the lumens 322, 324 (and, thus the pull wires 302, 304) can be removed from the braid. The
lumens 322, 324 can be moved to the desired location (e.g., locations corresponding to specified
columns 346 of picks 340), and the braiding process can be resumed. In embodiments where one
lumen is offset by # columns 346, and the other lumen is offset by » + 1 columns (e.g., to create an
angle o of 135°), the catheter body can be rotated in the braiding machine (e.g., while the braid and
the pull-wire conduit 326 are held stationary) such that the angles 6; and 6, are equal (e.g., about

67.5° in the present example).

[091] FIGS. 22-25 illustrate another embodiment of a catheter device 400 comprising a shaft 402
having a proximal portion (not shown) and a steerable distal portion 418, similar to the
embodiments of FIGS. 16 and 17 above. The catheter device can include a first pull wire 404, a
second pull wire 406, and a third pull wire 408. The shaft can be coupled to a handle including one

or more adjustment mechanisms for increasing and decreasing tension in the pull wires 404-408 to

-23 -



WO 2017/165842 PCT/US2017/024135

flex and unflex the distal portion 418 of the shaft, as described above. The distal portion 418 can
have a proximal section 422 (also referred to as a primary flexion section) that is configured to flex
in a primary flex direction, and a distal section 424 (also referred to as a secondary flexing section)
that is steerable in the manner of section 320 of the shaft 302 of FIG. 20. The durometer and
flexibility of the different portions of the shaft 402 can be selected according to the flexion

characteristics desired, as described above.

[092] Referring to FIGS. 22 and 23, the pull wires 404, 406, 408 can be disposed in respective
pull-wire lumens 410, 412, 414. The pull wires 404-408 and lumens 410-414 can be grouped
together, and can extend along a wall of the shaft 402 at least through the proximal portion of the
shaft and through the proximal section 422 of the distal portion 418. At a selected location along
the shaft 402 (e,g., a divergence location 420 located between the proximal section 422 and the
distal section 424 of the distal portion 418 of the shaft), the lumens 410-414 (and, thus, the pull
wires 404-408) can angularly diverge from each other about the circumference of the shaft 402.
More specifically, the first pull-wire lumen 410 and the third pull-wire lumen 414 can diverge from
the second pull-wire lumen 412 in opposite directions. Meanwhile, the second pull-wire lumen 412
can continue to extend longitudinally along the shaft. The pull wires 404-408 can be coupled to a
pull ring 428 at or near the distal end of the catheter shaft 402, on which the pull wires can act
when tensioned to steer the catheter shaft, as described above. In other embodiments, the pull
wires 404-408 and the lumens 410-414 can be disposed in a pull-wire conduit similar to the conduit

326 of FIG. 17.

[093] The shaft 402 can include a first or outer layer 430, a second layer 432, a third layer 434, a
fourth layer 436, a fifth layer 438, and a sixth or inner layer 440. The layers 430, 432, 434, 438,
and 440 can be made of any of a variety of materials. For example, in some embodiments the
second layer 432 can be a laser-cut metal tube, the first and third layers 430, 434 can be polymeric
materials such as Pebax®, and the sixth layer 440 can be a liner made from, for example, PTFE. In
some embodiments, the first and third layers 430, 434, can be a single layer with the laser-cut metal
tube 432 embedded within it. In the illustrated embodiment, the fourth layer 436 can be configured
as a braided layer, and the lumens 410-414 (and, thus, the pull wires 404-408) can be incorporated
into the braided layer 436 in the manner described above with respect to FIGS. 16-21. In some
embodiments, the pull-wire lumens 410-414 can extend along a column of picks of the braided

layer 436 until the lumens reach the divergence location 420.
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[094] FIG. 23 is a cross-sectional view taken along line 23-23 of FIG. 22, and illustrates the pull
wires and lumens incorporated into the braided layer 436. As the pull wires reach the divergence
location 420, the first and third pull-wire lumens 410, 414 can leave the braided layer 436 as they
angularly diverge from the second pull-wire lumen 412. In other words, the first and third pull-
wire lumens 410, 414 can be disposed radially outwardly of the braided layer 436 along the portion
of the shaft 402 along which the lumens diverge. The first and third pull-wire lumens 410, 414 can
then be reintroduced into the braided layer 436 at, for example, the location along the shaft where

the lumens reach a selected angular offset from the second pull-wire lumen 412.

[095] For example, in one embodiment the first and third pull-wire lumens 410, 414 can be
removed from the braided layer 436 at or near the divergence location 420. The first pull-wire
lumen 410 can then angularly diverge from the second pull-wire lumen 412, and can be disposed
radially outwardly of the braided layer 436. Referring to FIG. 24, an intermediate portion 442 of
the first pull-wire lumen 410 is disposed radially outwardly of the braided layer 436, and is at least
partially incorporated into the third layer 434. Meanwhile, the third pull-wire lumen 414 also
diverges from the second pull-wire lumen 412 in the opposite direction from the first pull-wire
lumen 410. As shown in FIG. 24, an intermediate portion 444 of the third pull-wire lumen 414 is
also disposed radially outwardly of the braided layer 436. At the location shown in FIG. 24, each
of the first and third pull-wire lumens 410, 414 has diverged from the second pull-wire lumen 412
by an angle of about 75°. In the illustrated embodiment, the second pull-wire lumen 412 remains
incorporated in the braided layer 436 along the portion of the shaft where the first and third pull-

wire lumens diverge.

[096] When the first and third pull-wire lumens 410, 414 reach a selected amount of angular
separation from the second pull-wire lumen 412 (e.g., corresponding to a selected number of picks
of the braided layer 436), the first and third pull-wire lumens can be re-introduced into the braided
layer 436. For example, FIG. 25 is a cross-sectional view of the shaft taken along line 25-25 of
FIG. 22 illustrating a distal portion 446 of the first pull-wire lumen 410 reincorporated into the
braided layer 436. A distal portion 448 of the third pull-wire lumen 414 can also be reincorporated
into the braided layer 436.

[097] In the illustrated embodiment, the first pull-wire lumen 410 can be offset from the second
pull-wire lumen 412 by about 90°. The third pull-wire lumen 414 can also be offset from the

second pull-wire lumen 412 by about 90°, resulting in an angular separation of 180° between the
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first pull-wire lumen 410 and the third pull-wire lumen 414 in the distal section 424 of the shaft.
Thus, in an exemplary embodiment where the braided layer 436 includes 16 braid members braided
in a triaxial braid including eight picks, the first pull-wire lumen 410 (and, thus, the first pull wire
404) is offset from the second pull-wire lumen 412 (and, thus, the second pull wire 406) by two
columns of picks. The third pull-wire lumen 414 (and, thus, the third pull wire 408) is also offset

from the second pull-wire lumen 412 by two columns of picks.

[098] When the pull wires 404-408 are under tension, the primary flexing section 422 flexes or
curves in a respective flexing plane P, which can be aligned with (e.g., can intersect) the second
pull wire 406, as shown in FIGS. 23 and 25. Tensioning one or all of the pull wires is effective to
adjust the curvature of the primary flexing section 422 in its respective flexing plane P, and
applying differential tension to the pull wires can cause the secondary flexing section 424 to flex in
various different directions relative to the primary flexing section 422, in a manner similar to the
embodiment of FIG. 20. In certain configurations, because the second pull wire 406 extends all the
way to the pull ring 428 along the primary flexing plane P, the second pull wire 406 can allow the
distal portion 418 of the shaft (e.g., the primary flexing section 422 and/or the secondary flexing
section 424) to achieve a greater degree of flexion in the direction of the flexing plane P than can be

achieved with two pull wire configurations where the pull wires diverge from the flexing plane P.

General Considerations

[099] 1t should be understood that the disclosed embodiments can be adapted to deliver and
implant prosthetic devices in any of the native annuluses of the heart (e.g., the pulmonary, mitral,
and tricuspid annuluses), and can be used with any of various approaches (e.g., retrograde,
antegrade, transseptal, transventricular, transatrial, etc.). The disclosed embodiments can also be
used to implant prostheses in other lumens of the body. Further, in addition to prosthetic valves,
the delivery assembly embodiments described herein can be adapted to deliver and implant various

other prosthetic devices such as stents and/or other prosthetic repair devices.

[0100] For purposes of this description, certain aspects, advantages, and novel features of the
embodiments of this disclosure are described herein. The disclosed methods, apparatus, and
systems should not be construed as being 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, apparatus, and systems are not limited to any specific aspect or feature or combination
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thereof, nor do the disclosed embodiments require that any one or more specific advantages be

present or problems be solved.

[0101] Although the operations of some of the disclosed embodiments 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 set forth below. 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. Additionally, the description sometimes uses terms like “provide” or “achieve” to
describe the disclosed methods. These terms are high-level abstractions of the actual operations
that are performed. The actual operations that correspond to these terms may vary depending on

the particular implementation and are readily discernible by one of ordinary skill in the art.

29 CC

[0102] Asused in this application and in the claims, the singular forms “a,” “an,” and “the”
include the plural forms unless the context clearly dictates otherwise. Additionally, the term
“includes” means “comprises.” Further, the terms “coupled” and “associated” generally mean
electrically, electromagnetically, and/or physically (e.g., mechanically or chemically) coupled or
linked and does not exclude the presence of intermediate elements between the coupled or

associated items absent specific contrary language.

[0103] In the context of the present application, the terms “lower” and “upper” are used
interchangeably with the terms “inflow” and “outflow”, respectively. Thus, for example, the lower

end of the valve is its inflow end and the upper end of the valve is its outflow end.

[0104] As used herein, the term “proximal” refers to a position, direction, or portion of a device
that is closer to the user and further away from the implantation site. Asused herein, the term
“distal” refers to a position, direction, or portion of a device that is further away from the user and
closer to the implantation site. Thus, for example, proximal motion of a device is motion of the
device toward the user, while distal motion of the device is motion of the device away from the
user. The terms “longitudinal” and “axial” refer to an axis extending in the proximal and distal

directions, unless otherwise expressly defined.
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[0105] Asused herein, the terms “integrally formed” and “unitary construction” refer to a
construction that does not include any welds, fasteners, or other means for securing separately

formed pieces of material to each other.

[0106] 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.

[0107] As used herein, operations that occur “simultaneously” or “concurrently” occur generally at
the same time as one another, although delays in the occurrence of one operation relative to the
other due to, for example, spacing, play or backlash between components in a mechanical linkage
such as threads, gears, etc., are expressly within the scope of the above terms, absent specific

contrary language.

[0108] In view of the many possible embodiments to which the principles of the disclosure may be
applied, it should be recognized that the illustrated embodiments are only preferred examples and
should not be taken as limiting the scope of the disclosure. Rather, the scope of the disclosure is

defined by the following claims.
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What is claimed is:

1. A delivery apparatus for implanting a prosthetic implant in a native lumen of the
body, the apparatus comprising:

a handle portion;

a first shaft extending from and movable relative to the handle portion, the first shaft
comprising a proximal end portion coupled to the handle portion and a distal end portion;

a second shaft extending from the handle portion and coaxially disposed within the first
shaft, the second shaft comprising a proximal end portion coupled to the handle portion and a distal
end portion configured to mount a prosthetic implant in a radially compressed state;

the handle portion comprising a steering assembly configured to move the first shaft
longitudinally relative to the second shaft while concurrently flexing the second shaft;

wherein the steering assembly further comprises a rotatable member coupled to the
proximal end portion of the first shaft such that rotation of the rotatable member causes
corresponding proximal and distal motion of the first shaft relative to the second shatft;

wherein the rotatable member is coupled to the distal end portion of the second shaft by a
pull wire such that rotation of the rotatable member causes corresponding flexing and unflexing of

the distal end portion of the second shaft.

2. The delivery apparatus of claim 1, wherein the rotatable member is coupled to the
proximal end portion of the first shaft by a threaded shaft movably coupled to the rotatable member

and a coupling member disposed on the threaded shaft and coupled to the first shaft.

3. The delivery apparatus of claim 2, wherein the rotatable member includes a threaded
tubular portion configured to receive and engage the threaded shaft such that rotation of the
rotatable member causes proximal and distal motion of the threaded shaft relative to the rotatable

member.

4. The delivery apparatus of claim 1, wherein the pull wire is coupled to a pull wire
coupling member movably disposed on a threaded shaft coupled to the rotatable member such that
rotation of the rotatable member causes corresponding longitudinal motion of the pull wire

coupling member along the threaded shaft.
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5. The delivery apparatus of claim 4, wherein the steering assembly further comprises
a pull wire guide member positioned to guide the pull wire radially away from the second shaft to

the pull wire coupling member.

6. The delivery apparatus of claim 5, wherein the pull wire extends proximally from
the pull wire guide member to the pull wire coupling member, and proximal motion of the pull wire

coupling member along the threaded shaft causes flexing of the second shaft.

7. The delivery apparatus of any of claims 5 or 6, wherein the pull wire guide member
is coupled to a side portion of the handle portion and extends perpendicular to a longitudinal axis of

the handle portion.

8. The delivery apparatus of any of claims 4 or 5, wherein the handle portion further
comprises at least one guide member extending parallel to the threaded shaft and operatively
connected to the pull wire coupling member to prevent rotation of the pull wire coupling member

as it moves along the threaded shaft.

9. The delivery apparatus of any preceding claim, wherein the first shaft comprises a

tubular member defined by a plurality helically wound filaments.

10. The delivery apparatus of claim 9, wherein the tubular member further comprises a
retaining portion located proximally of a distal end portion of the tubular member, and the
filaments are independently movable relative to one another along at least a portion of the tubular

member extending between the retaining portion and the distal end portion.

1. The delivery apparatus of claim 9, wherein a distal end portion of the tubular

member is shape-set to have predetermined curvature.
12. The delivery apparatus of claim 9-11, wherein an outer diameter of a distal end

portion of the tubular member decreases from a first outer diameter to a second outer diameter that

is less than the first outer diameter.

-30 -



13. The delivery apparatus of claim 1, wherein:
the second shaft comprises a braided layer; and
the second shaft further comprises one or more pull wires that extend at least partially

within the braided layer.
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