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REPLACEMENT HEART VALVES, DELIVERY DEVICES AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application
No. 61/385,651, which was filed on September 23, 2010. This application is also related to
U.S. Application Nos.: 12/569,856, filed on September 29, 2009; 12/761,349, filed on April
15, 2010; and 13/165,721, filed on June 21, 2011. The entirety of each of the above

applications is incorporated by reference herein and is to be considered a part of this

specification.
BACKGROUND
Field of the Invention
[0002] Certain embodiments disclosed herein relate generally to replacement

valves for a vascular system, delivery devices for the replacement valves, and related delivery
methods, among other things. In particular, the valves relate to replacement heart valves,
such as for the mitral valve.

Description of the Related Art

[0003] Human heart valves, which include the aortic, pulmonary, mitral and
tricuspid valves, function essentially as one-way valves operating in synchronization with the
pumping heart. The valves allow blood to flow downstream, but block blood from flowing
upstream. Diseased heart valves exhibit impairments such as narrowing of the valve or
regurgitation, which inhibit the valves’ ability to control blood flow. Such impairments
reduce the heart’s blood-pumping efficiency and can be a debilitating and life threatening
condition. For example, valve insufficiency can lead to conditions such as heart hypertrophy
and dilation of the ventricle. Thus, extensive efforts have been made to develop methods and
apparatus to repair or replace impaired heart valves.

[0004] Prostheses exist to correct problems associated with impaired heart valves.
For example, mechanical and tissue-based heart valve prostheses can be used to replace
impaired native heart valves. More recently, substantial effort has been dedicated to
developing replacement heart valves, particularly tissue-based replacement heart valves, that

can be delivered with less trauma to the patient than through open heart surgery.
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Replacement valves are being designed to be delivered through minimally invasive
procedures and even percutaneous procedures. Such replacement valves often include a
tissue-based valve body that is connected to an expandable frame that is then delivered to the
native valve’s annulus.

[0005] Development of replacement heart valves that can be compacted for
delivery and then controllably expanded for controlled placement, and the related delivery
devices have proven to be particularly challenging.

SUMMARY OF THE INVENTION

[0006] Accordingly, there is in the need of the art for improved replacement heart
valves, delivery devices, and delivery methods, among other things.

[0007] In some embodiments a replacement heart valve can comprise an
expandable frame, and a valve body. The expandable frame can be configured to engage a
native valve annulus, wherein the frame extends longitudinally between an upstream end and
a downstream end, the frame having a foreshortening portion at or adjacent the downstream
end, the foreshortening portion comprising foreshortening cells that are longitudinally
expanded when the frame is in a radially compacted state and longitudinally contracted when
the frame is in a radially expanded state. The valve body can be coupled to the frame, the
valve body coupled to the frame in the foreshortening portion in a manner so that the frame
foreshortening portion can move longitudinally relative to the valve body. Upon radial
compaction of the implant, the frame foreshortening portion can longitudinally expand but
moves relative to the valve body so that the valve body substantially retains its longitudinal
length.

[0008] According to some embodiments, the valve body can have a downstream
end that is generally aligned with a downstream end of the frame foreshortening portion, but
1S not connected to the downstream end of the frame foreshortening portion. A first
longitudinal distance can exist between the downstream end of the frame foreshortening
portion downstream end and the downstream end of the valve body when the frame is in a
radially expanded configuration, and a second longitudinal distance exists between the

downstream end of the frame foreshortening portion downstream end and the downstream
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end of the valve body when the frame is in a radially compacted configuration, the second
longitudinal distance being greater than the first longitudinal distance.

[0009] In some embodiments, the valve body can be slidably coupled to a
downstream portion of the frame and substantially non-slidably coupled to an upstream
portion of the frame. The expandable frame may further comprise a non-foreshortening
portion at or adjacent the upstream end, the non-foreshortening portion comprising
longitudinal struts. The non-foreshortening portion can be configured to substantially
maintain its longitudinal length as between the radially compacted state and the radially
expanded state. The longitudinal struts can extend upstream from the foreshortening cells.
The valve body can be slidably coupled to a downstream portion of the frame and
substantially non-slidably coupled to an upstream portion of the frame. The valve may also
further comprise a substantially inelastic band at the upstream end of the expandable frame.

[0010] In some embodiments, replacement heart valve can comprise an
expandable frame configured to engage a native valve annulus, wherein the frame extends
longitudinally between an upstream end and a downstream end, the frame having a
foreshortening portion at or adjacent the downstream end, the foreshortening portion
comprising foreshortening cells that are longitudinally expanded when the frame is in a
radially compacted state and longitudinally contracted when the frame is in a radially
expanded state, a valve body coupled to the frame, and a support band positioned within the
frame at the upstream end.

[0011] A delivery device for delivering a replacement heart valve according to
some embodiments can comprise an inner support for receiving a replacement heart valve, an
inner retainer ring on the inner support, and an outer retainer ring to slidably engage the inner
retainer ring to secure a proximal end of the replacement heart valve on the delivery device.

[0012] Some embodiments of delivery device can further include a floating sheath
to slidably cover a central region of the replacement heart valve between the proximal end
and a distal end while the replacement heart valve is in a radially compacted state and/or an
outer sheath to slidably cover the replacement heart valve in the radially compacted state, as
well as the outer retainer ring, the inner retainer ring, and floating sheath, wherein the floating

sheath is connected to the outer sheath with one or more tension members such that
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withdrawal of the outer sheath from covering the replacement heart valve can also cause the
floating sheath to withdraw from covering the replacement heart valve. The outer sheath may
have a first withdrawal position where at least the distal end of the replacement heart valve is
uncovered and the floating sheath remains covering the central region. The outer sheath may
have a second withdrawal position where the floating sheath does not cover the central
region.

[0013] A method of treating valve insufficiency of a mitral valve of a patient by
delivering a replacement valve can comprise one or more of the following steps. Providing a
replacement valve mounted on a delivery device, the replacement valve comprising a radially
expandable frame having an upstream end and a downstream end, the frame further
comprising a plurality of first anchors directed toward the upstream end. Delivering the
replacement valve to a native mitral valve annulus while the replacement valve is in a radially
compacted state, the native mitral valve annulus having two or more native valve leaflets.
Positioning the replacement valve so that tips of the plurality of first anchors are downstream
of the native valve leaflets. Exposing a portion of the downstream end of the replacement
valve so that the plurality of first anchors extend radially from the delivery device and the
anchor tips are positioned to an outer side of the native leaflets. Moving the replacement
valve in an upstream direction so that tips of the plurality of first anchors engage a
downstream side of the native mitral valve annulus. After the plurality of first anchors
engage the native mitral valve annulus, releasing the replacement valve from the delivery
device and allowing the frame to expand to a radially expanded state.

[0014] In some embodiments, a method may also include one or more of the
following steps. Wherein the downstream end of the frame has a foreshortening portion
configured to longitudinally expand when in the radially compacted state and longitudinally
contract when the foreshortening portion is in the radially expanded state and the upstream
end maintains a substantially constant longitudinal length in the expanded state and in the
compacted state. Wherein a downstream portion of the frame foreshortens and flares radially
outward as the frame expands to the expanded state. Wherein moving the replacement valve
in an upstream direction comprises engaging and compacting or folding the native valve

leaflets with the plurality of first anchors. Wherein moving the replacement valve in an
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upstream direction so that tips of the plurality of first anchors engage a downstream side of
the native valve annulus comprises engaging a posterior leaflet. After engaging the posterior
leaflet repositioning the replacement valve, and engaging an anterior leaflet with the plurality
of first anchors. Engaging an upstream side of the native mitral valve annulus with a
plurality of second anchors. Exposing a portion of the downstream end of the replacement
valve so that the plurality of first anchors extend radially from the delivery device further
comprises expanding the frame to a first expanded state. Expanding the frame to a second
expanded state and moving the replacement valve in an upstream direction so that tips of the
plurality of first anchors engage another part of the downstream side of the native mitral
valve annulus. Wherein releasing the replacement valve from the delivery device and
allowing the frame to expand to a radially expanded state comprising expanding the frame to
a third expanded state.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] These and other features, aspects and advantages are described below with
reference to the drawings, which are intended to illustrate but not to limit the invention. In
the drawings, like reference characters denote corresponding features consistently throughout
similar embodiments.

[0016] Figure 1 is a perspective view of one embodiment of a replacement heart
valve.

[0017] Figure 2 is a view looking upstream through the replacement heart valve

of Figure 1.

[0018] Figure 3 is a schematic detail side view of the replacement heart valve of
Figure 1.

[0019] Figure 4 shows a schematic detail side view of another embodiment of a

replacement heart valve.

[0020] Figure 5A 1is a perspective view of a replacement heart valve in an
expanded state in accordance with an embodiment.

[0021] Figure 5B is a side view of the replacement heart valve of Figure 5A in a

compacted state.
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[0022] Figure 5C is a side view of a portion of the cells of the compacted-state
replacement heart valve of Figure 5B.

[0023] Figure 5D is a side view of a portion of the cells of the expanded-state
replacement heart valve of Figure SA.

[0024] Figure 6A 1is a perspective view of a replacement heart valve in an
expanded state in accordance with an embodiment.

[0025] Figure 6B is a side view of the replacement heart valve of Figure 6A in a
compacted state.

[0026] Figure 7A 1s a perspective view of a replacement heart valve in an
expanded state in accordance with another embodiment.

[0027] Figure 7B is a side view of the replacement heart valve of Figure 7A in a
compacted state.

[0028] Figure 7C is a cross-section side view of a portion of the expanded-state
replacement heart valve of Figure 7A.

[0029] Figure 8 schematically shows a replacement heart valve as in Figures 1-2
deployed in a native mitral annulus of a human heart.

[0030] Figure 9A shows an embodiment of a delivery device for delivering a
replacement heart valve in accordance with one embodiment.

[0031] Figure 9B shows a distal portion of the delivery device of Figure 9A with a
schematic representation of a valve frame.

[0032] Figures 10A-C schematically show a replacement heart valve and steps of
a method of deploying the replacement heart valve according to one embodiment.

[0033] Figure 11 shows a distal portion of another embodiment of delivery device
with a schematic representation of a valve frame.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0034] The present specification and drawings provide aspects and features of the
disclosure in the context of several embodiments of replacement heart valves, delivery
devices and methods that are configured for use in the vasculature of a patient, such as for
replacement of natural heart valves in a patient. These embodiments may be discussed in

connection with replacing specific valves such as the patient’s aortic or mitral valve.
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However, it 1s to be understood that the features and concepts discussed herein can be applied
to products other than heart valve implants. For example, the controlled positioning,
deployment, and securing features described herein can be applied to medical implants for
use elsewhere in the body, such as within a vein, or the like. In addition, particular features
of a valve, delivery device, etc. should not be taken as limiting, and features of any one
embodiment discussed herein can be combined with features of other embodiments as desired
and when appropriate.

[0035] With initial reference to Figures 1 and 2, an embodiment of a replacement
heart valve 10 is shown. The illustrated replacement heart valve 10 is designed to replace a
damaged or diseased native heart valve such as a mitral valve. The replacement heart valve
10 includes a self-expanding frame 20 to which a plurality of valve leaflets 12 are attached.

[0036] The plurality of valve leaflets 12 can function in a manner similar to the
natural mitral valve, or to other valves in the vascular system. The plurality of valve leaflets
12 can open in a first position and then engage one another to close the valve in a second
position. The plurality of valve leaflets 12 can be made to function as a one way valve such
that flow in one direction opens the valve and flow in a second direction opposite the first
direction closes the valve. The replacement heart valve 10 can be constructed so as to open
naturally with the beating of the heart. For example, the plurality of valve leaflets 12 can be
open during diastole and closed during systole. The valve can include many different
components as will be discussed in detail below.

[0037] To aid in the description of the replacement heart valve 10, certain
directional or relative terms may be used herein. The illustrated replacement heart valve 10 is
a one-way valve, thus the term “upstream” refers to the end or section closest to the inflow of
blood or other fluid into the valve and “downstream” refers to the end or section closest to
the outflow of blood or other fluid from the valve. As will be described, the replacement
heart valve 10 is generally implanted by moving the replacement heart valve 10 within a
vessel towards the diseased or damaged native valve with the flow of fluid. Thus, the term
“proximal” coincides with upstream and “distal” coincides with downstream. It should be
understood that the valve can also be implanted by moving the replacement heart valve in the

opposite direction. The term “longitudinal” refers to a direction, length or a location between
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the proximal end 14 and the distal end 16 of the replacement heart valve 10. The term
“lateral” refers to a direction, length or location perpendicular to the longitudinal direction,
length or location.

[0038] Still referring to Figure 1, the shape of the illustrated replacement heart
valve 10 can be generally referred to as having an upstream portion 38, a transition portion 40
and a downstream portion 42. The replacement heart valve 10 can be generally cylindrical in
the longitudinal direction with the same or a varying diameter or outer perimeter. In the
illustrated embodiment, the upstream portion 38 has an inflow diameter at the proximal end
14 and the downstream portion 42 preferably has an outflow diameter at the distal end 16.
The upstream portion 38 and downstream portion 42 are generally cylindrical based on either
the inflow diameter or the outflow diameter. As the outflow diameter is greater than the
inflow diameter, a generally conical transition portion 40 is positioned between the proximal
14 and distal 16 ends. It will be understood that, in some embodiments, the replacement
heart valve 10 may not have a transition portion 40, or that the transition portion 40 may be
very abrupt and short. In addition, in some embodiments the transition portion 40 may be
coextensive with either or both of the upstream portion 38 and the downstream portion 42.
Some embodiments have a larger inflow dimension than the outflow dimension. In addition,
in some embodiments the geometry of the replacement heart valve 10 can include one or
more portions that are conical, spherical, parabolic, oval, convex, concave, or the like, or any
combination thereof.

[0039] Finally, a non-foreshortening portion 52 and a foreshortening portion 54
are also referenced with the illustrated replacement heart valve 10. As will be described in
more detail below, foreshortening refers to the idea that as the replacement heart valve 10
changes from the compacted or collapsed position to the expanded position the longitudinal
length of the replacement heart valve 10 decreases in the foreshortening portion 54 but not in
the non-foreshortening portion 52.

[0040] Replacement Heart Valve Frame

[0041] As has been mentioned, the replacement heart valve 10 includes a self-
expanding frame 20 to which a plurality of valve leaflets 12 are attached. Other components

of the valve may also be attached to the frame 20. It is to be understood that some
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embodiments may not employ a self expanding frame but may, for example, employ a
balloon or the like to expand and deploy the frame.

[0042] The frame 20 can serve one or more different and unique purposes. For
example, the frame 20 can serve as structural support for the valve, an anchoring mechanism
to attach the valve to the vasculature, an attachment device to attach valve components to, a
device to facilitate delivery of the valve and a device to maintain position of the valve after
delivery.

[0043] The frame 20 can be made of many different materials, but is preferably
made from metal. For example, the frame 20 can be a wireframe or a metal tube that has
been cut or etched to remove all but a metal skeleton. The frame 20 can be constructed from
a metal tube, such as a nitinol tube. In some embodiments, the frame 20 can be made from a
shape memory material. The frame 20 can further be expanded and/or compressed and/or
otherwise worked to have the desired introduction and implantation configurations.

[0044] As can be seen with particular reference to Figure 1, the frame 20 includes
a number of struts or members that collectively make up the frame 20. These struts can
include longitudinal struts 56 and undulating struts, such as undulating struts forming one or
more rings 58, 60, 62, 64, and 66. It will be understood that the frame 20 can include any
number of longitudinal struts, undulating struts, and rings. The upstream 38, transition 40
and downstream 42 portions may all include more or less longitudinal struts, undulating
struts, and rings than those shown herein, as well as, other configurations of the same.

[0045] As mentioned previously, the replacement heart valve 10 has a non-
foreshortening portion 52 and a foreshortening portion 54. These portions can be defined by
the frame 20 and the positioning of various types of struts along the frame 20. Referring now
to Figures 1 and 3, it can be seen that the longitudinal struts 56 span the length of the non-
foreshortening portion 52. Distal or downstream portions of the longitudinal struts 56 make
up the transition portion 40, in which the struts 56 bend at bending stage 30 so as to flare
radially outwardly and then bend again at bending stage 32 so as to stop expanding in radius
and attach to the foreshortening portion 54 of the frame 20. As such, the frame 20 is

generally divided into the upstream portion 38 made up of the first diameter, the transition
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portion 40 at which the diameter is expanding, and the downstream portion 42 with the larger
second diameter. The downstream portion 42 also includes the foreshortening portion 54.

[0046] First 58, second 60, and third 62 rings made up of undulating struts are
connected to the longitudinal struts 56 in the non-foreshortening portion 52. The illustrated
first 58 and second 60 rings are of generally the same size, however, the struts in the third
ring 62 are substantially larger and longer than the struts in the first 58 and second 60 rings.
For example, the struts of the first 58 and second 60 rings can be about half as long as the
struts of the third ring 62, or shorter. Additionally, upstream anchors 22 extend from the free
apices of the struts in the third ring 62. As best shown in Figure 3, the struts in the third ring
62 preferably are flared radially out at a more dramatic angle than is the longitudinal strut 56
at the transition portion 40. In the illustrated embodiment, the third ring struts 62 can be
considered part of the upstream anchors 22.

[0047] Referring to Figures 1 and 3, a fourth ring 64 is attached to the distal end
of the longitudinal struts 56 at an apex of the fourth ring 64. A fifth ring 66 attaches to the
fourth ring 66 on the side opposite the longitudinal struts 56. The fifth ring 66 can be a
mirror image of the fourth ring 64. In some embodiments, additional rings of undulating
struts can be included in any part of the frame. For example, sixth and/or seventh rings can
be positioned downstream of the fifth ring.

[0048] The fourth 64 and fifth 66 rings are made up of undulating struts and can
make up the foreshortening portion 54. Expansion of the replacement heart valve 10 causes
the struts of the fourth ring 64 to move farther apart such that they are at a greater angle
relative to one another. Thus, they move from a relatively vertical orientation to a more
horizontal orientation. This also causes the ring to shrink in vertical height. The fifth ring
exhibits similar behavior when the valve 10 expands. This movement of the fourth 64 and
fifth 66 rings results in foreshortening of the frame 20.

[0049] Opposing anchors 22, 24 can be constructed on the frame 20 so that
preferably their tips 26, 28 move closer together as the frame foreshortens. This can allow
the anchors 22, 24 to grasp opposite sides of the native mitral annulus or any other tissue that

1s perpendicular to the axis of the frame.

-10-
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[0050] The anchors 22, 24 and anchor tips 26, 28 can be located anywhere along
the frame 20 just so long as at least one of the anchors is connected to the foreshortening
portion 54 to thereby move with the foreshortening portion 54. As shown, both of the anchor
tips 26, 28 are located in the foreshortening portion 54. The foreshortening portion can also
be positioned anywhere along the frame.

[0051] Preferably, each of the anchors 22, 24 also extends generally radially
outwardly from the frame 20 so that the anchor tips 26, 28 are generally spaced away from
the rest of the frame 20. In some embodiments, all or part of the structure connected to the
anchor tip and extending radially from the frame, including one or more rings and/or struts,
can be considered part of the anchor. The anchors can include a base located on the anchor
on a side opposite the tip. The base can be for example where the anchor begins to extend
from or away from the frame 20.

[0052] In some embodiments, each of the anchors can extend radially outwardly
from the frame at an anchor base and terminate at an anchor tip. The anchors can be
connected to the frame at one of many different locations including apices, junctions, other
parts of struts, etc. The anchors can comprise first, second, third, or more spaced apart
bending stages along the length of each anchor. The anchors can also extend either upstream
or downstream before and/or after one or more of the bending stages. A portion of the anchor
may extend with the frame before any bending stages. An example anchor can include first
and second bending stages with a portion between the second bending stage and the anchor
tip being generally paralle] to an axis of the frame. Another example, can include first,
second and third spaced apart bending stages, and wherein in the first bending stage the
anchor is bent radially inwardly, in the second bending stage the anchor is bent radially
outwardly, and in the third bending stage the anchor is bent radially inwardly. In the second
bending stage the anchor can be bent about 180 degrees.

[0053] In preferred embodiments, the replacement heart valve 10 may be
deployed into a heart valve annulus, and positioned when compacted so that the anchor tips
26, 28 of the opposing anchors 22, 24 are disposed on opposite sides of the native annulus.
As the replacement heart valve 10 is expanded, the opposing anchors are drawn closer

together so as to grasp opposite sides of the native annulus with the anchor tips 26, 28 and

-11-
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securely hold the replacement heart valve 10 in position. As such, the replacement heart
valve 10 can be held securely in position without requiring a substantial radial force against
the native annulus. The foreshortening portion 54 can be used to move the anchor tips 26, 28
closer together as the replacement heart valve 10 moves to the expanded position to thereby
engage the native valve annulus.

[0054] Notably, in this embodiment the native annulus which is intended to be
gripped between the anchor tips 26, 28 will be engaged by the foreshortening portion 54 of
the frame 20, and will not engage the transition portion 40 of the frame 20. Rather, in a
mitral placement, the upstream 38 and transition 40 portions of the replacement valve 10 will
not necessarily be disposed within the annulus but mostly or entirely in the atrium.

[0055] Applicant’s U.S. Patent Application No. 12/084,586, which was published
on August27, 2009 as U.S. Publication No. 2009/0216314, discusses embodiments of
foreshortening stents with anchors, and can be referred to for further discussion of certain
aspects of the illustrated embodiments. Applicant’s U.S. Patent Application No. 13/165,721,
filed on June 21, 2011, discusses embodiments of foreshortening frames with anchors, and
can be referred to for further discussion of certain aspects of the illustrated embodiments.
The above applications are incorporated in their entirety by reference herein with particular
reference to the discussion concerning structure and operation of embodiments of
foreshortening structures, particularly foreshortening structures having anchors.

[0056] Replacement Heart Valve Body

[0057] The replacement heart valve can include a valve body that is made up of
one or more components. In some embodiments, the valve body only includes a plurality of
valve leaflets. In other embodiments, the valve body may also include one or more of an
outer valve skirt, a connection skirt, and a support band.

[0058] As has been mentioned, a plurality of valve leaflets 12 are attached to the
self-expanding frame 20 (Figures 2 and 3). The plurality of valve leaflets 12 can function in
a manner similar to the natural mitral valve to open and close as appropriate and thereby
control blood flow.

[0059] The leaflets 12 can be one of many different shapes and configurations.

There can be two, three or more leaflets 12. The leaflets 12 can be cut from a flat, tissue

-12-
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material such as pericardium. Preferably, upstream portions of the leaflets are generally
curved. The curvature and size of the pattern cuts, and particularly the curvature of the side
edges, can be chosen so that the valve fits within the particular shape defined by the frame
20.

[0060] The leaflets 12 can also be positioned in any portion of the frame. The
leaflets 12 can be positioned solely within any one of the upstream portion 38, the transition
portion 40, and the downstream portion 42. The leaflets can also extend between different
diameter sections of the frame 20. Looking to Figure 3, it can be seen that in some
embodiments, the leaflets 12 extend from the upstream portion 38 to the end of the transition
portion 40. The 12 leaflets 12 can alternatively extend from any part of one of the upstream
portion 38, the transition portion 40, and the downstream portion 42 to any part of one of the
upstream portion 38, the transition portion 40, and the downstream portion 42.

[0061] In some embodiments, the leaflets 12 can be coupled to the outwardly
flaring portion of the valve skirt 18 in the transition portion 40. In this position, the leaflets
can be at least partially within the native mitral valve annulus upon deployment, closer to the
left ventricle, and closer to a native leaflet position.

[0062] The replacement heart valve 10 can further include an outer valve skirt 18.
The outer valve skirt 18 can be configured to direct fluid to the valve leaflets 12. The outer
valve skirt 18 can also be used at partially to control how fluid flows through and/or around
the replacement heart valve 10. The outer valve skirt 18 can surround at least a portion of the
valve and be connected to the valve leaflets 12. In some embodiments, the outer valve skirt
18 can form an inner wall connected to and positioned within the frame 20.

[0063] The outer valve skirt 18 can extend the length of the frame 20 or it can
extend along only part of the length of the frame 20. In some embodiments, the ends 14, 16
of the replacement heart valve 10 can coincide with the inflow 34 and outflow 36 ends of the
outer valve skirt 18. In the illustrated embodiment of Figures 1-3, the inflow end 34
substantially coincides with one end 14 of the replacement heart valve 10 while the other end

16 of the replacement heart valve 10 extends past the outflow end 36 of the valve body.
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[0064] The shape of the outer valve skirt 18 can substantially correspond to that
of the frame 20, with for example, different diameter sections and a transition between them.
Other shapes and configurations can also be used.

[0065] The valve leaflets 12 can extend along all or part of the length of the outer
valve skirt 18, and including all or part of the reduced and increasing diameter portions, i.e.,
the upstream 38 and transition 40 portions, as shown. In some embodiments, the leaflets 12
can also span all or part of the length of the downstream portion 42, together with or separate
from the outer valve skirt 18.

[0066] In the illustrated embodiments, the outer valve skirt 18 is attached to the
frame 20 and the leaflets 12 are attached to the outer valve skirt 18. Preferably, the outer
valve skirt 18 is also formed of a pericardium tissue similar to the leaflets 12.

[0067] The outer valve skirt 18 can be constructed in multiple different ways. For
example, the outer valve skirt 18 can be made by cutting out one or more pieces from {flat
tissue material and sewing the tissue together to form the outer valve skirt with a flared
transition portion. Preferably, the outer valve skirt 18 is constructed of a tissue that is
flexible, but not particularly expansive and stretchy.

[0068] As best shown in Figures 1-3, the replacement heart valve 10 can also
include a connection skirt 50. The connection skirt 50 can be attached to one or both of the
frame 20 and the outer valve skirt 18. The connection skirt 50 can function and/or provide
benefits similar to the outer valve skirt 18. For example, the connection skirt 50 can be used
to direct fluid flow into, out of, and/or around the replacement heart valve 10. The
connection skirt 50 can also be made to move with the foreshortening portion 54 of the frame
20.

[0069] The connection skirt 50 can be made of knit polyester or another
stretchable or flexible fabric. In some embodiments, the connection skirt 50 is made from a
material that is more flexible than the outer valve skirt material and/or the valve leaflet
material.

[0070] As shown, the connection skirt 50 is sewn to the outflow end 36 of the
outer valve skirt 18 and is also attached to the frame 20 in the foreshortening portion. The

upstream edge of the connection skirt 50 is generally straight so as to correspond to the
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downstream edge or outflow end 36 of the outer valve skirt 18 and contribute to an
advantageous seam structure. The downstream end of the connection skirt 50 can be straight,
curved, or have any other desired configuration. For example, the connection skirt 50 is
shown with undulations patterned to generally correspond to the undulations at the end 16 of
the frame 20. It is to be understood that other configurations of the connection skirt 50 can
also be employed.

[0071] The replacement heart valve 10 can also include a support band 44. Figure
4 illustrates a detail view of another embodiment of a replacement heart valve 10' including a
support band 44. Numerical reference to components is the same as previously described,
except that a prime symbol (') has been added to the reference. Where such references occur,
it is to be understood that the components are the same or substantially similar to previously-
described components.

[0072] The support band 44 may be placed or positioned around or within the
frame 20" at the proximal end. The support band 44 can be used to reinforce and/or constrain
the frame 20'. The support band 44 can help to control the expansion of the frame 20' from
the compacted to the expanded state. The support band 44 can also be used to reduce the
amount of motion that occurs at the upstream portion 38' and/or at the proximal end 14" after
the replacement heart valve 10" has been implanted within the mitral heart valve or other
location.

[0073] In some embodiments, the support band 44 may comprise a polyester
fabric band. The support band 44 may comprise a no-stretch or limited stretch material.
Preferably the support band 44 is not made of an elastic material or a material known to have
high elasticity. In some embodiments, the support band 44 is made from a material that is
less flexible than the outer valve skirt material and/or the valve leaflet material. The distal
and proximal ends of the support band 44 can be straight, curved, undulating with the
undulations of frame, or any other desired configuration.

[0074] The support band 44 can be connected to the valve frame with a plurality
of stitches, loops, knots, staples, or other types of connections. In some embodiments, the

frame 20' can be sandwiched between two sides or layers of the support band 44. Preferably,
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the support band 44 is a single layer positioned within and attached to the frame 20' with a
plurality of stitches around one or more of the longitudinal and/or undulating struts.

[0075] Viewing Figure 4 in comparison to Figure 3, it can be seen that the leaflets
12, 12 are positioned lower in the valve, or closer to the proximal end 14', 14 in Figure 4.
The support band 44 can reduce the movement and the moment at the proximal end 14
allowing the valve to function more smoothly.

[0076] Still referring to Figure 4, it can also be seen that this embodiment does
not include a connection skirt so that the distal end 36" of the outer valve skirt 18' extends to
the distal end 16’ of the valve.

[0077] The replacement heart valve 10" may include a first ring of undulating
struts in the upstream portion 38', and a second ring of undulating struts in the transition
portion 40', including part of the anchor 22'. Third, fourth, and fifth rings are preferably
located in the downstream portion 42' forming two rows of adjacent diamond- or oval-shaped
cells. In some embodiments, the downstream anchors 24’ extend from the junction of the
fourth and fifth rings.

[0078] Additional example replacement heart valves with valve bodies are
discussed in detail in U.S. Application Nos. 12/569,856, filed 09/29/2009 and 13/165,721,
filed 06/21/2011, both of which are incorporated by reference herein in their entirety and are
to be considered a part of this specification.

[0079] Expansion and Compaction of Replacement Heart Valve

[0080] Figures 5A-D illustrate another embodiment of a replacement heart valve
10". The illustrated replacement heart valve 10" is designed to replace a diseased native
mitral valve. The replacement heart valve includes a self-expanding frame 20" to which a
valve body is attached. The valve body includes an outer valve skirt 18" and flexible leaflets
that open and close, as discussed above. The replacement heart valve 10" also includes a
plurality of fasteners, which connect the valve body to the frame 20, as will be described in
more detail below.

[0081] The replacement heart valve 10" generally has two configurations, an
expanded state shown in Figure 5A and a compacted state shown in Figure 5B. The

replacement heart valve 10" is typically stored in the compacted state prior to usage. In
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addition, the replacement heart valve 10" is generally mounted onto a delivery device to
assume the compacted state. The compacted state is preferably sufficiently small in diameter
to fit into a catheter that will be used to advance the replacement heart valve 10" through the
vasculature and access the heart for deployment.

[0082] The replacement heart valve 10" is generally deployed to assume the
expanded state at a diseased or damage heart valve. Preferably the replacement heart valve
10" transitions from the compacted state to the expanded state by self-expansion of the frame
20". In some embodiments, the replacement heart valve 10" transitions from a compacted to
an expanded state by expansion of the frame 20" by a dilator, such as a balloon, or the like.
The transition may also be performed by the combination of a self-expanding frame and a
dilator.

[0083] Expansion of the frame 20" is controlled, at least in part, by the
longitudinal 56" and undulating struts that make up the frame. As mentioned previously, the
replacement heart valve 10" has a non-foreshortening portion 52" and a foreshortening
portion 54". These portions can be defined at least in part by the frame 20" and the
positioning of various types of struts along the frame 20".

[0084] The illustrated upstream portion 38" of the frame 20" is also part of the
non-foreshortening portion 52". Longitudinal struts 56" substantially confine or restrict the
upstream portion 38" from changing length upon the radial expansion or compaction of the
frame 20". The upstream portion 38" expands and compacts only in the radial direction. At
least one ring 58" of undulating struts can be positioned in the upstream portion 38". Second
and third rings 60", 62" are also shown. The at least one ring 58" of undulating struts can
extend circumferentially in a zigzag formation around the frame. Each ring can have two or
more struts positioned between adjacent longitudinal struts 56". This allows the struts of the
ring, as well as the longitudinal struts 56" to move closer together, or farther apart, as the
replacement heart valve 10" is respectively compacted, or expanded.

[0085] The longitudinal struts 56" can also extend into the transition portion 40"
between the upstream portion 38" and the downstream portion 42". The transition portion
40" defines a transition from the smaller upstream diameter to the larger downstream

diameter of the replacement heart valve 10" when in the expanded state. In the illustrated
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embodiment the longitudinal struts 56" flare radially outwardly in the transition portion 40".
As such, the frame 20" is generally divided into the upstream portion 38" made up of the first
diameter, the transition portion 40" at which the diameter is expanding, and the downstream
portion 42" with the larger second diameter.

[0086] The downstream portion 42" can also include at least one ring 64" of
undulating struts. As shown in Figures 5A and 5B, the frame 20" has two rings 64" and 66"
that form substantially diamond- or oval-shaped cells. Figure 5A illustrates nine cells
disposed circumferentially about the frame 20"; however, any quantity of cells can be
implemented in the frame.

[0087] Each illustrated cell has two downstream struts 46, 48 and two upstream
struts 68, 70. The individual cells are coupled to one another at junctions 72 located where
one downstream strut 48 and one upstream strut 70 of one cell meet with one downstream
strut 46 and one upstream strut 68 of another adjoining cell. The downstream undulating
struts 46, 48 join to form downstream apex 74. The upstream undulating struts 68, 70 join to
form upstream apex 76.

[0088] These diamond- or oval-shaped cells formed by the fourth 64" and fifth
66" rings in the downstream portion 42" longitudinally expand when the frame is radially
compacted and longitudinally shorten when the frame is radially expanded as can be seen in
Figures 5C-5D. In the compacted state of Figure 5C, the junctions 72 are closer together than
when in the expanded state shown in Figure 5D. The longitudinally opposing apices 74, 76
are closest in the expanded state.

[0089] Thus, the fourth 64" and fifth 66" rings can make up the foreshortening
zone 54". Expansion of the replacement heart valve 10" causes the struts of the fourth ring
64" to move angularly farther apart such that they are at a greater angle relative to one
another. Thus, they move from a relatively vertical orientation to a more horizontal
orientation. This also causes the ring 64" to shrink in vertical height. The fifth ring exhibits
similar behavior when the valve 10" expands. This movement of the fourth 64" and fifth 66"
rings results in foreshortening of the frame 20". It is to be understood that foreshortening can
also be achieved with more or less rings of undulating struts, as well as with other

configurations of the frame.
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[0090] The positioning of the outer valve skirt 18", plurality of leaflets 12" and/or
other components of the valve body within and along the frame 20", as well as the materials
of the different parts of the replacement heart valve 10" can also affect how much expansion,
compression, and/or foreshortening the replacement heart valve 10" can experience. In
addition, the frame, the components of the valve body, and/or the connection(s) between the
components of the valve body and the frame can be configured to deal with differences in
material properties such as elasticity, and stretchability between the frame and the
components of the valve body. It should be clear that some of these differences can be
considerations for dealing with the foreshortening, non-foreshortening, expansion, and
compaction of the replacement heart valve 10".

[0091] The outer valve skirt and leaflets are preferably made from tissue, such as
pericardium. Pericardium, like some other suitable valve skirt materials, is flexible but not
particularly stretchable or otherwise elastic. At the same time, the outer valve skirt and
leaflets can be made to accommodate and substantially correspond to the shape of the frame
in the expanded configuration.

[0092] In some embodiments of replacement heart valve 10, such as that shown in
Figures 1-3, a connection skirt 50 can be connected to the downstream end 36 of the outer
valve skirt 18. The connection skirt 50 can be made of an elastic fabric and can typically be
placed to correspond to the foreshortening portion 52 of the frame 20. In this way, the
connecting skirt 50 can stretch or compact with the longitudinal lengthening and shortening
incident to radially compacting and expanding the valve 10. In such embodiments, the
downstream end 36 of the pericardium valve skirt 18 can be connected to the connection skirt
50 at a circumferentially-extending seam.

[0093] Applicants have found that a circumferential seam can bunch up when the
replacement heart valve 10 is compacted, thus limiting compaction of the valve. Figures SA-
5D illustrate an embodiment of replacement heart valve 10" without any circumferential
seams. This enables the replacement heart valve 10" to be able to radially compact to a
smaller diameter.

[0094] In the illustrated embodiment the outer valve skirt 18" is fabricated from

one, two, three, or more longitudinally oriented pieces of tissue material, e.g., pericardium, or
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the like, that longitudinally span the frame length from the upstream end 14" to the
downstream end 16".  Preferably such longitudinal strips are stitched together by
longitudinally-extending seams. Such construction lends itself to making the outer valve
skirt 18" out of a single material and eliminates a circumferential stitch or seam joining
sections of different materials. Thus, as mentioned, in the illustrated embodiment, there is no
circumferential stitch or other such connections to the valve skirt.

[0095] In the illustrated embodiment, the outer valve skirt 18" is constructed of
pericardium, which, like some other suitable valve skirt materials, is flexible but not
particularly stretchable or otherwise elastic. Also, preferably the outer valve skirt 18" is
stitched to the expanded-configuration frame 20" so that the downstream end 36" of the outer
valve skirt 18" is generally or nearly coextensive with the downstream end 16" of the frame
20"

[0096] However, as noted above, when the implant is radially compacted, the
longitudinal length of the frame 20" increases. As such, preferably the downstream portion of
the outer valve skirt 18" is attached to the frame 20" in a manner that enables the frame 20" to
move relative to the outer valve skirt 18". In this manner, when the foreshortening portion
54" increases in length, the outer valve skirt 18" can remain substantially the same length, but
the struts of the foreshortening cells can move relative to the outer valve skirt 18". In this
way, the outer valve skirt material is not substantially stretched or damaged.

[0097] In a preferred embodiment, the outer valve skirt 18" is attached to the non-
foreshortening portion 52" of the frame 20" in a manner so that there is little to no relative
longitudinal movement between the frame 20" and the outer valve skirt 18". The outer valve
skirt 18" can be attached to the frame with a number of fasteners. The fasteners can be any
device that can secure two objects together and can include two or more different types or
different styles of device. Some example fasteners include stitches, staples, rivets, etc.
Generally in the embodiments shown herein, stitches are used to attach the outer valve skirt
to the frame, as well as to attach other components to one another. It will be understood that
these are simply example fasteners and other devices could also be used.

[0098] Figures 5A-5D illustrate a stitching arrangement in which the outer valve

skirt 18" is mounted to the frame 20" at the downstream portion so as to allow some relative
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movement. The downstream portion of the outer valve skirt 18" is mounted to the frame in
the foreshortening portion 54" with loose or semi-loose stitching 78, 80 that allows the outer
valve skirt 18" to slide relative to the frame struts 46, 48, 68, 70. At the other end, on the
upstream portion the outer valve skirt 18" can be mounted to the frame 20" with tight stitches
82, which are stitches or other fasteners that are configured to substantially prevent
longitudinal movement of the outer valve skirt 18" relative to the frame 20" in the non-
foreshortening portion 52".

[0099] The tight stitches 82 can be tightly looped and/or cross-stitched around the
struts 56" and through the outer valve skirt 18". The tight stitches 82 can be disposed about
the longitudinal struts 56" at selective locations. As shown in Figures 5SA and 5B, tight
stitches 82 are positioned on the longitudinal struts 56" adjacent the apices of the first ring
58" on the downstream side of the connected apices. This prevents the tight stitches 82 from
migrating off of the upstream end of the frame 20". Tight stitches 82 are also positioned
adjacent the second 60" and third 62" rings on the upstream side of the connected apices,
preventing the tight stitches 82 from migrating toward the downstream end of the
replacement heart valve 10".

[0100] Other arrangements are also contemplated. For example, in some
embodiments, tight stitches 82 can be located on both the upstream and downstream sides of
the connected apices to prevent longitudinal migration of the outer valve skirt 18". In some
embodiments, the tight stitches 82 can be looped through eyelets coupled to the upstream end
of the longitudinal struts 56" and/or selectively located along the longitudinal struts. In still
further embodiments, the tight stitches 82 can extend along, or span, a portion and/or the full
length of one or more of the longitudinal struts 56".

[0101] Loose stitches 78, 80 can be used to allow some relative movement
between the outer valve skirt 18" and the frame 20" as best seen in Figures 5C and 5D. The
loose stitches can come in two types, those 80 that connect the outer valve skirt 18" to one
strut and those 78 that connect the outer valve skirt 18" to two struts. A single strut stitch 80
loops around a single strut to couple the outer valve skirt 18" to the frame 20". A double-strut

stitch 78 loosely loops around a pair of struts near the junction 72 when in the expanded state.
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The double-strut stitch 78 passes through the center of radially adjacent cells and the outer
valve skirt tissue material.

[0102] The loose stitches 78, 80 have a greater distance between their respective
points of entry into the outer valve skirt 18" tissue material than the tight stitches 82. The
loose stitches 78, 80 also provide more room or space for strut movement relative to the outer
valve skirt 18". The loose stitches 78, 80 readily allow the outer valve skirt 18" downstream
end to float, or slide, relative to the frame 20", yet also sufficiently and durably mount the
outer valve skirt 18" to the frame 20". In some embodiments, stitches that may not be
physically loose-fitting may be placed so as to allow the outer valve skirt downstream end to
float, or slide, relative to the frame. Such stitches, as well as physically loose stitches, can
also be referred to as floating stitches or sliding stitches.

[0103] The loose stitches 78, 80 can allow the outer valve skirt 18" that is
longitudinally shorter than the compacted frame to slide on the cell struts as the cells
foreshorten during radial expansion, as illustrated in the detail views of Figures 5C and 5D.
Four struts 46, 48, 68, 70 joined at each junction 72 radially expand from a compacted
configuration in which the apices 74, 76 are relatively close to one another to an expanded
configuration in which the apices 74, 76 are relatively farther apart. The loose stitches 78, 80
are urged downstream as the cells radially expand positioning the junctions 72 farther apart.

[0104] The double-strut stitch 78 is urged downstream because the distance
between the apices 74, 76 and the upstream portions of the struts becomes wider than the
stitch width and the stitch is urged toward the narrower portion of the V- or X-shaped
configuration. This can be seen by comparing the position of the double-strut stitch 78 in
Figure 5D with that of Figure SC. The loose stitches “ride” the struts downstream to their
final longitudinal position, as indicated by the arrows. The single stitch 80 also moves along
the strut because of the movement of the double-strut stitch 78 and the outer valve skirt.

[0105] The positions of the loose stitches 78, 80 can be limited by the position of
either or both of the junction 72 and the apices 74, 76. For example, in Figure 5C, the
stitches 78, 80 cannot pass any lower than the junction 72 and/or apices 74 of which they are
positioned next to. To position the loose stitches 78, 80 lower than the junction 72 and/or

apices 74, with the loose stitches 78, 80 still being around a strut would overload the stitch
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upon expansion because the lengthening of the frame would force the stitch downstream into
the junction or apex.

[0106] With reference now to Figures 6A and 6B, in another embodiment of
replacement heart valve 10", the downstream end of the outer valve skirt 18" is connected to
the struts in the downstream portion 42" by multiple stitches 80'. In this embodiment, the
downstream end 36" of the outer valve skirt 18" is shaped to correspond to the undulating
pattern of ring 66" when in the expanded state. However, as shown in Figure 6A, the skirt is
not attached to the downstream apices 76’ and is spaced therefrom. As such, when the
replacement heart valve 10™ is compacted, the outer valve skirt 18" and stitches 80" will slide
upstream relative to the downstream struts, resulting in a longitudinal space between the
outer valve skirt distal end 36" and the distal apices 76'. When the foreshortening cell is
compacted, the cell longitudinal length increases but the outer valve skirt length does not,
resulting in a longitudinal space between the downstream apex 76" and the downstream end
36" of the outer valve skirt 18™. The frame 20" thus longitudinally expands while the outer
valve skirt 18" maintains its length.

[0107] Figures 7A-C illustrate still another embodiment of replacement heart
valve 10™, in which the longitudinal length of the outer valve skirt 18" skirt is generally the
same, or substantially the same, as the longitudinal length of the frame 20" in the radially-
compacted configuration. In this embodiment, tight stitches 82" can be used in the both the
non-foreshortening portion 52" and the foreshortening portion 54"™. The long outer valve
skirt 18" configuration preferably extends from the compacted frame upstream end to the
compacted frame downstream end. The outer valve skirt 18"" downstream end 36™ can be
securely coupled, or stitched, to the frame downstream end 16™ in a manner that the outer
valve skirt 18™ will substantially move with the frame 20™ as the frame longitudinally
expands and contracts.

[0108] The outer valve skirt 18™ can be greater in length than the length of the
expanded-state frame and substantially the same length as the compact frame. This can result
in excess outer valve skirt material when the replacement heart valve is in the expanded

configuration. The excess length of the outer valve skirt 18™ can create circumferential folds
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84, or material bunching, in the foreshortening portion of the frame, as depicted in Figures
7A and 7C.

[0109] Figure 7C illustrates a cross-section side view of the implant tissue
material in this embodiment positioned in the frame downstream end after the frame expands
radially outward. Preferably the folding or bunching pattern can be selectively controlled by
placement of stitches such as stitches at the junction 72". It should be understood that, in
other embodiments, the valve skirt can be shorter, longer, or any length therebetween, than
the illustrated long configuration. A longer skirt than the long configuration skirt of Figure
7C creates a greater number and/or size of circumferential folds.

[0110] Also illustrated in Figures 7A-7C are eyelets 73. The eyelets 73 can be
used to attach to the outer valve skirt to the frame. In some embodiments, the downstream
anchors 24" can be passed through the eyelets 73 when assembling the replacement heart
valve 10™. Stitching can also pass through the eyelets 73. The eyelets 73 can also reinforce
the skirt material.

[0111] With continued reference to Figure 7C, when the replacement heart valve
10™ is installed in the body, the folds 84 in the valve skirt material preferably are positioned
at or adjacent the native valve annulus. Thus, over time the folds can support tissue
ingrowth, further securing the replacement heart valve 10™ to the mitral valve native annulus
and preventing leakage past the outer valve skirt 18™".

[0112] Delivery Device and Method

[0113] With reference next to Figure 8, a schematic representation of the
replacement heart valve 10 as discussed above in connection with Figures 1 and 2 is depicted
installed in a human heart 90. The heart is shown in cross-section, and represents typical
anatomy, including a left atrium 86 and left ventricle 88. The left ventricle 88 is defined by a
muscular wall 98. The left atrium 86 and left ventricle 88 communicate with one another
through a mitral annulus 92. Also shown schematically in Figure 8 is a native anterior mitral
leaflet 94 having chordae tendineae 96 that connect a downstream end of the anterior mitral
leaflet 94 to the muscle wall 98 of the left ventricle 88. A left ventricle outflow tract 99

extends toward the top of the left ventricle 88.
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[0114] As shown, the replacement heart valve 10 is disposed so that the mitral
annulus 92 is grasped between the upstream anchors 22 and the downstream anchors 24. As
such, all or most of the replacement heart valve 10 extends into the left atrium 86. The
portion of the replacement heart valve 10 disposed upstream of the annulus 92 can be referred
to as being positioned supra-annularly. The portion generally within the annulus 92 is
referred to as positioned intra-annularly. The portion downstream of the annulus is referred
to as being positioned sub-annularly. In the illustrated embodiment, only a part of the
foreshortening portion is positioned intra-annularly or sub-annularly, and the rest of the
replacement heart valve 10 is supra-annular.

[0115] The following is an example of how the replacement heart valve 10 can be
deployed at a patient’s native mitral valve annulus with reference to Figure 8. A radially-
compacted replacement heart valve 10 is advanced on a delivery device through and past the
mitral valve annulus 92 so that the downstream anchors 24 are positioned downstream of the
native mitral valve leaflets 94. The heart valve 10 can be partially deployed so that the
downstream portion of the replacement heart valve 10 can be allowed to self-expand, thus
urging the downstream anchors 24 between the chordae tendineae 96 and radially outboard of
the native mitral valve leaflets 94. The delivery device and replacement heart valve 10 can
then be proximally retracted or moved upstream to engage the downstream anchors 24 with
the downstream side of the native mitral valve annulus 92. In this motion, preferably the
downstream anchors 24 engage and capture the native leaflets 94. Once the native leaflets
are engaged and captured by the anchors 24, the remainder of the replacement heart valve 10
can then be deployed to allow self-expansion of the replacement heart valve 10 so that the
upstream anchors 22 engage the upstream side of the native annulus 92, and the replacement
heart valve 10 is deployed in operational condition. In some embodiments the replacement
heart valve may not be self expanding, ant the partial and full deployment may be
accomplished by one or more inflatable balloons or the like.

[0116] Replacement heart valves can be delivered to a patient’s heart mitral valve
annulus in various ways, such as by open surgery, minimally-invasive surgery, and

percutaneous or transcatheter delivery through the patient’s vasculature.
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[0117] With reference to Figures 9A-B, an embodiment of a delivery device 100
is shown in connection with a replacement heart valve 10. The illustrated embodiment
comprises an elongate, delivery catheter configured to be advanced through a patient’s
vasculature in a percutaneous delivery approach. The delivery device 100 can be a spring or
a cut metal hypotube that imparts rigidity to the device and yet allows flexibility to be able to
pass through the curvosities of the vasculature. The delivery device 100 can also be covered
with a polymer outer sheath.

[0118] The illustrated delivery device 100 comprises an elongate inner tube 102
that is attached at its distal end to a nose cone 104. The inner tube 102 has a lumen sized and
configured to slidably accommodate a guidewire 106 so that the delivery device 100 can be
advanced over the guidewire through the vasculature. The delivery device 100 may also be a
steerable catheter which may or may not use a guidewire.

[0119] As can best be seen in Figure 9B, an inner retention ring 112 can be
positioned on the inner tube 102. A support tube or outer retention ring 108 concentrically
encircles the inner tube 102 and is sized to be slidable over the inner tube and the inner
retention ring. In the illustrated embodiment the support tube is elongate. An outer sheath
110 is disposed so as to be slidable over the support tube 108.

[0120] In the illustrated embodiment, and preferably, in a manner as discussed in
embodiments presented below, the support tube or outer retention ring 108 and outer sheath
110 cooperate to grasp onto the replacement heart valve 10. Figure 9B schematically shows a
valve frame 20 within and secured by the outer sheath 110 and other components of the
delivery device 100. The inner retention ring 112 is also shown engaging the proximal end
14 of the valve frame 20. For example, teeth 116 on the inner retention ring 112 can engage
tabs 15 on the proximal end 14 of the valve frame 20. The outer retention ring 108 can be
positioned over the inner retention ring 112 so that the proximal end of the replacement heart
valve 10 is trapped therebetween, securely attaching it to the delivery device 100.

[0121] The outer sheath 110 can also be positioned over the distal end of the
delivery device 100 and over the replacement heart valve 10. As shown, the outer sheath 110
is advanced over a portion of the nose cone 104 of the delivery device 100. Optionally, a

retainer member 114, e.g., an o-ring, a clamp, a cover, or the like, can be used to retain the
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outer sheath 110 in place. As shown, an o-ring 114 is placed over the outer sheath 110 at a
groove or slot 118 disposed circumferentially around the nose cone 104. In some
embodiments, the nose cone can include a flange that encompasses and secures the outer
sheath, so that the outer sheath fits into the nose cone under the flange. This flange may also
cover all or part of the replacement heart valve. In some embodiments, the delivery device
may include one or more additional sheaths or other features that can be advanced over all or
part of the replacement heart valve.

[0122] The delivery device 100 is configured to retain and restrict the valve frame
20 and the replacement heart valve 10 from expanding. The delivery device 100 restrains the
replacement heart valve 10 until the replacement heart valve 10 is deployed from the delivery
device 100 at, or adjacent, the native mitral valve annulus 92.

[0123] With reference next to Figures 10A-10C and Figure 8, an embodiment of a
method and apparatus for deploying a replacement heart valve 10 is depicted. Referring to
Figure 10A, it can be seen that the replacement heart valve 10, mounted in a radially-
compacted configuration on the distal end of the delivery device 100, is introduced into the
left atrium 86 of the heart 90. As shown, the native mitral leaflets 94 (posterior leaflet
shown) extend downstream of the native annulus 94, and chordae tendineae 96 extend
downstream from the mitral valve to the ventricle wall.

[0124] With reference next to Figure 10B, the delivery device 100 is advanced so
that the replacement heart valve 10 is positioned slightly downstream of its final mounting
point. More specifically, it is positioned so that the downstream anchors 24 are positioned
downstream of where the chordae tendineae 96 connect to the free end of the native mitral
valve leaflets 94.

[0125] The outer sheath 110 is then at least partially retracted to expose at least
part of the downstream end of the replacement heart valve 10, including the downstream
anchors 24 as shown in Figure 10C. The downstream end of the replacement heart valve 10
radially expands to approximately the full extent, or slightly less than the full extent. At the
same time, the upstream end of the replacement heart valve 10 is still retained by the delivery
device and is at least partially radially compacted. During expansion of the downstream end

of the replacement heart valve 10 the downstream anchors 24 pass between chordae
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tendineae 96 so that the upstream-directed downstream anchor tips 28 substantially face the
downstream side of the native mitral valve annulus 92. As the upstream portion of the
replacement heart valve 10 is still retained by the delivery device 100 in a partially radially-
compacted state, the position of the replacement heart valve 10 can still be readily adjusted.

[0126] After the downstream anchors 24 are expanded to be positioned
downstream of and radially outside of the native leaflets 94, the delivery device 100 and
replacement heart valve 10 are moved in an upstream direction. This causes the downstream
anchors 24 and anchor tips 28 to engage with the downstream side of the native annulus 92,
and the native leaflets 94. The native leaflets 94 are engaged and possibly retracted by the
anchors. In some embodiments, the anchors pull the native leaflets 94 proximally, resulting
in the native leaflets 94 being bunched up, and the chordae tendineae 96 being stretched
and/or tightened. In other embodiments the native leaflets 94 may not be bunched up or may
be only partially bunched up, but are contained by the anchors so as to prevent movement of
the leaflets 94 into, for example, the left ventricle outflow tract 99.

[0127] Once the downstream anchors 24 are properly placed, the delivery device
100 can release the upstream anchors 22 and the remaining upstream end 14 of the
replacement heart valve 10. This can be done by retracting the outer retention ring 108. In
some embodiments this can be done by fully retracting the outer sheath 110, as well as, the
outer retention ring 108.

[0128] As discussed previously, the upstream anchors 22 flare radially outward
under the self-expansion force of the frame 20 and advance toward the upstream side of the
native mitral valve annulus 92 under the foreshortening force of the cells. The downstream
24 and upstream 22 anchors can thus securely grasp the native mitral valve annulus 92
between their opposingly directed anchor tips, and the replacement heart valve 10 is fully and
securely installed as can be seen in Figure 8. The anchor placement can preferably prevent or
reduce the prevalence of any up and/or down motion of the frame. The anchor placement can
also help ensure that the replacement heart valve is perpendicular to the annulus and prevents
any “rocking” and/or tilting of the frame. By engaging both the native annulus 92 and the
native leaflets 94 by the frame 20 and anchors 22, 24 the load can be more evenly distributed

to achieve equilibrium. Such a configuration can also provide a more robust implantation.
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[0129] The independent nature of each anchor can allows the frame to conform to
a number of different shapes. For example, the three dimensional annular shape of the mitral
valve may not be entirely flat, and in fact, as is the case with most mitral anatomy, may be
more saddle shaped. Thus, the independent anchors can stretch and bend to be able to engage
these different shapes.

[0130] In embodiments in which the native leaflets 94 are compacted and urged
against both the outer surface of the replacement heart valve 10 and the native annulus 92, the
bunched up leaflets advantageously provides additional leak prevention between the native
tissue and the replacement heart valve 10, or between the anchors and the valve frame.

[0131] Referring now Figure 11, another embodiment of delivery device 100’ is
shown. Numerical reference to components is the same as previously described, except that a
prime symbol (') has been added to the reference. Where such references occur, it is to be
understood that the components are the same or substantially similar to previously-described
components. The illustrated embodiment comprises an elongate, delivery catheter configured
to be advanced through a patient’s vasculature in a percutaneous delivery approach. In
addition to an outer sheath 110" and an outer retention ring 108', the delivery device 100" can
also include a secondary sheath 120.

[0132] The secondary sheath 120 can be slidable over the outer retention ring 108’
which is slidable over the inner tube 102" and the inner retention ring 112'. The outer sheath
110" is disposed so as to be slidable over both the support tube 108" and the secondary sheath
120. The outer retention ring 108", secondary sheath 120 and outer sheath 110’ all cooperate
to grasp onto the replacement heart valve 10. Figure 11 schematically shows a valve frame
20 within and secured by these three components.

[0133] The secondary sheath 120 can be advanced over all or a part of the
replacement heart valve 10. As such, the secondary sheath 120 can be used to further control
the expansion of the replacement heart valve 10 during the delivery process. For example,
the secondary sheath 120 can be positioned so that the distal end is right next to but not
covering the downstream anchors 24. Thus, when the outer sheath 110" is withdrawn, the
secondary sheath 120 can limit the expansion of the replacement heart valve 10. In some

embodiments, the secondary sheath 120 can limit the expansion of the replacement heart
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valve 10 to just the downstream anchors 24 or just the downstream anchors and a small
amount of radial expansion of the foreshortening cells.

[0134] In some embodiments, the secondary sheath 120 can be positioned at the
base of the downstream anchors 24 such that the secondary sheath 120 is between the
downstream anchors 24 and the rest of the frame 20. Thus, the secondary sheath 120 can
cover the frame 20 essentially to the distal end 16, with primarily only the downstream
anchors 24 exposed. Again, this can limit the expansion of the replacement heart valve 10
upon withdrawal of the outer sheath 110'".

[0135] The delivery methods described above with reference to delivery device
100 and Figures 10A-C can be considered a two stage delivery method; the first stage being
withdrawal of the outer sheath 110, and the second stage being withdrawal of the outer
retention ring 108. The delivery device 100" can use a three stage delivery method as will be
described below. It should be understood that both delivery devices 100, 100" can also be
used in other delivery methods that may be considered single stage, two stage, three stage,
elc.

[0136] The delivery device 100" can be used in a delivery procedure similar to that
described above. The delivery device 100" can have a replacement heart valve 10 mounted in
a radially-compacted configuration on the distal end and be introduced into the left atrium 86
of the heart 90. The delivery device 100" can be advanced to position the replacement heart
valve 10 slightly downstream of its final mounting point. More specifically, the replacement
heart valve 10 can be positioned so that the downstream anchors 24 are positioned
downstream of where the chordae tendineae 96 connect to the free end of the native mitral
valve leaflets 94.

[0137] The outer sheath 110" can then be at least partially retracted to expose at
least the downstream anchors 24. The secondary sheath 120 and outer retention ring 108’ can
still be positioned over the replacement heart valve 10 to limit expansion of the replacement
heart valve 10 after withdrawal of the outer sheath 110.

[0138] With the downstream anchors 24 exposed and little to no other expansion
experienced, the delivery device 100" can easily position the downstream anchors 24 in an

initial desired position. The secondary sheath 120 can then be retracted allowing the
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replacement heart valve 10 to further expand while still being attached at the proximal end 14
to the delivery device 100" at the inner 112 and the outer 108 retention rings. The
replacement heart valve 10 can then be adjusted again prior to completely releasing the
replacement heart valve 10 from the delivery device 100'.

[0139] In some embodiments, the downstream anchors 24 can be positioned first
next to one part of the native valve annulus before the secondary sheath 120 is withdrawn.
As the mitral valve is a bicuspid valve, the delivery device 100" can be used to attach the
downstream anchors 24 to one of the leaflets, such as the posterior leaflet and then to the
other of the leaflets, such as the anterior leaflet. This second part can be done after the
replacement heart valve 10 is expanded or further expanded by moving the secondary sheath
120. In some embodiments, staged deployment can also be achieved without the use of a
secondary sheath. For example, a primary sheath with sufficient column strength and/or
resistance to collapsing/corrugating/compression along the axis can be used to achieve staged
deployment.

[0140] In some embodiments, the entrance route of the delivery device 100" into
the left atrium 86 can bias the delivery device 100" towards one side of the mitral valve 92.
For example, the delivery device 100" may be biased towards the posterior leaflet of the
mitral valve 92. Also, an axis of the delivery device may be angled relative to an axis of the
native annulus. This can facilitate securing the downstream anchors 24 to the posterior side
or the posterior leaflet first, prior to expanding or further expanding the replacement heart
valve 10. The downstream anchors 24 can then be secured to the anterior side of the mitral
valve 92 or to the anterior leaflet.

[0141] For example, the downstream anchors 24 can be positioned initially past
the mitral valve annulus 92 and then moved upstream to engage one side and/or one leaflet.
The delivery device 100’ can then be repositioned, or first the secondary sheath 120 removed
then the delivery device 100" repositioned. The delivery device 100’ can again be moved
upstream, this time so that the downstream anchors 24 on the other side will also engage the
other side of the mitral valve 92 and/or the other leaflet.

[0142] After the downstream anchors 24 are released the delivery device 100" and

replacement heart valve 10 are moved in an upstream direction. This causes the downstream
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anchors 24 and anchor tips 28 to engage with the downstream side of the native annulus 92,
and the native leaflets 94. The native leaflets 94 are engaged and possibly retracted by the
anchors. As mentioned, this can occur first on one side or to one leaflet and then to the other
side or to the other leaflet.

[0143] Once the downstream anchors 24 are properly placed, the delivery device
100" can then release the upstream anchors 22 and the remaining upstream end 14 of the
replacement heart valve 10. This can be done by retracting the outer retention ring 108'. In
some embodiments this can be done by retracting the outer retention ring 108" as well as fully
retracting one or more of the outer sheath 110’ and the secondary sheath 120.

[0144] As discussed previously, the upstream anchors 22 flare radially outward
under the self-expansion force of the frame 20 and advance toward the upstream side of the
native mitral valve annulus 92 under the foreshortening force of the cells as the cells
complete their radial expansion. The downstream 24 and upstream 22 anchors thus securely
grasp the native mitral valve annulus 92 between their opposingly directed anchor tips, and
the replacement heart valve 10 is fully and securely installed as can be seen in Figure 8.

[0145] Multi-stage release of the replacement heart valve 10 by the delivery
device 100, 100" can facilitate better control and positioning of the replacement heart valve 10
at the native annulus 92. As explained above, three stage release by the delivery device 100'
can allow for a quicker and more reliable securement of the replacement heart valve 10 to the
mitral valve 92.

[0146] A delivery device 100, 100" with one or more of an outer sheath, a
secondary sheath and/or an outer retention ring can control their movement in different ways.
For example, each or some of the outer sheath, secondary sheath and outer retention ring can
move separately and independently from the others. Alternatively, or in addition, some can
be moved together, such as being attached to move in a coordinated fashion.

[0147] For example, the secondary sheath can be attached to the outer sheath
through sutures, stitches, wire, string, cable, band, ribbon, etc. This can allow the outer
sheath to be withdrawn initially without affecting the positioning of the secondary sheath.
The outer sheath can then be further removed, causing tension on the secondary sheath

through whichever device has been used to attach the two. Thus, the secondary sheath can be
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a floating sheath. In some embodiments, internal wires or outer coverings may extend the
length or substantially the length of the delivery device and can be actuated at the proximal
end.

[0148] In another embodiment, the outer sheath can be folded over itself in one or
more positions to take the place of a secondary sheath and/or an outer retention ring. For
example, the distal end of the outer sheath can be positioned over the inner retention member
and then the outer sheath can be folded over itself to cover the replacement heart valve.
Initial movement of the outer sheath can uncover a part of the replacement heart valve
without uncovering the inner retention member.

[0149] In still another embodiment, the nose cone can be used to cover a portion
of the replacement heart valve such as the downstream anchors. The nose cone can include a
flange that encompasses and secures the outer sheath, so that the outer sheath fits into the
nose cone under the flange. This flange may cover all or part of the replacement heart valve.
The nose cone can be advanced exposing and expanding the anchors. The outer sheath can
cover the rest of the device and can then be later withdrawn similar to the secondary sheath.

[0150] Although this invention has been disclosed in the context of certain
preferred embodiments and examples, it will be understood by those skilled in the art that the
present invention extends beyond the specifically disclosed embodiments to other alternative
embodiments and/or uses of the invention and obvious modifications and equivalents thereof.
In addition, while a number of variations of the invention have been shown and described in
detail, other modifications, which are within the scope of this invention, will be readily
apparent to those of skill in the art based upon this disclosure. For example, the support band
can be used with the replacement heart valves shown in Figures 1-3, 5A-7C. Also,
connection skirt can be used with the replacement heart valve shown in Figure 4. Further,
additional embodiments of valve delivery devices, whether or not disclosed herein, may
employ, for example, the two and three-stage delivery methods discussed herein. It is also
contemplated that various combinations or sub-combinations of the specific features and
aspects of the embodiments may be made and still fall within the scope of the invention.
Accordingly, it should be understood that various features and aspects of the disclosed

embodiments can be combined with or substituted for one another in order to form varying
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modes of the disclosed invention. Thus, it is intended that the scope of the present invention
herein disclosed should not be limited by the particular disclosed embodiments described
above, but should be determined only by a fair reading of the claims that follow.

[0151] Similarly, this method of disclosure, is not to be interpreted as reflecting
an intention that any claim require more features than are expressly recited in that claim.
Rather, as the following claims reflect, inventive aspects lie in a combination of fewer than
all features of any single foregoing disclosed embodiment. Thus, the claims following the
Detailed Description are hereby expressly incorporated into this Detailed Description, with

each claim standing on its own as a separate embodiment.
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WHATIS CLAIMED IS:

1. A replacement heart valve comprising:

an expandable frame configured to engage a native valve annulus, wherein the
frame extends longitudinally between an upstream end and a downstream end, the
frame having a foreshortening portion at or adjacent the downstream end, the
foreshortening portion comprising foreshortening cells that are longitudinally
expanded when the frame is in a radially compacted state and longitudinally
contracted when the frame is in a radially expanded state;

a valve body coupled to the frame, the valve body coupled to the frame in the
foreshortening portion in a manner so that the frame foreshortening portion can move
longitudinally relative to the valve body;

wherein upon radial compaction of the implant, the frame foreshortening
portion longitudinally expands but moves relative to the valve body so that the valve
body substantially retains its longitudinal length.

2. The replacement valve of claim 1, wherein the valve body has a downstream
end that is generally aligned with a downstream end of the frame foreshortening portion, but
1s not connected to the downstream end of the frame foreshortening portion.

3. The replacement valve of claim 2, wherein a first longitudinal distance exists
between the downstream end of the frame foreshortening portion downstream end and the
downstream end of the valve body when the frame is in a radially expanded configuration,
and a second longitudinal distance exists between the downstream end of the frame
foreshortening portion downstream end and the downstream end of the valve body when the
frame is in a radially compacted configuration, the second longitudinal distance being greater
than the first longitudinal distance.

4. The replacement valve of claim 1, wherein the valve body is slidably coupled
to a downstream portion of the frame and substantially non-slidably coupled to an upstream
portion of the frame.

5. The replacement valve of claim 1, wherein the expandable frame further
comprises a non-foreshortening portion at or adjacent the upstream end, the non-

foreshortening portion comprising longitudinal struts.
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6. The replacement valve of claim 5, wherein the non-foreshortening portion is
configured to substantially maintain its longitudinal length as between the radially compacted
state and the radially expanded state.

1. The replacement valve of claim 5, wherein the longitudinal struts extend
upstream from the foreshortening cells.

8. The replacement valve of claim 5, wherein the valve body is slidably coupled
to a downstream portion of the frame and substantially non-slidably coupled to an upstream
portion of the frame.

9. The replacement valve of claim 1, further comprising a substantially inelastic
band at the upstream end of the expandable frame.

10. A delivery device for delivering a replacement heart valve comprises:

an inner support for receiving a replacement heart valve;

an inner retainer ring on the inner support; and

an outer retainer ring to slidably engage the inner retainer ring to secure a
proximal end of the replacement heart valve on the delivery device.

11. The delivery device of claim 10, further comprising a floating sheath to
slidably cover a central region of the replacement heart valve between the proximal end and a
distal end while the replacement heart valve is in a radially compacted state.

12. The delivery device of claim 11, further comprising an outer sheath to slidably
cover the replacement heart valve in the radially compacted state, as well as the outer retainer
ring, the inner retainer ring, and floating sheath, wherein the floating sheath is connected to
the outer sheath with one or more tension members such that withdrawal of the outer sheath
from covering the replacement heart valve can also cause the floating sheath to withdraw
from covering the replacement heart valve.

13. The delivery device of claim 12, wherein the outer sheath has a first
withdrawal position where at least the distal end of the replacement heart valve is uncovered
and the floating sheath remains covering the central region.

14. The delivery device of claim 13, wherein the outer sheath has a second
withdrawal position where the floating sheath does not cover the central region.

15. A replacement heart valve comprising:

36-



WO 2012/040655 PCT/US2011/053138

an expandable frame configured to engage a native valve annulus, wherein the
frame extends longitudinally between an upstream end and a downstream end, the
frame having a foreshortening portion at or adjacent the downstream end, the
foreshortening portion comprising foreshortening cells that are longitudinally
expanded when the frame is in a radially compacted state and longitudinally
contracted when the frame is in a radially expanded state;

a valve body coupled to the frame; and

a support band positioned within the frame at the upstream end.
16. A method of treating valve insufficiency of a mitral valve of a patient by

delivering a replacement valve, comprising:

providing a replacement valve mounted on a delivery device, the replacement
valve comprising a radially expandable frame having an upstream end and a
downstream end, the frame further comprising a plurality of first anchors directed
toward the upstream end;

delivering the replacement valve to a native mitral valve annulus while the
replacement valve is in a radially compacted state, the native mitral valve annulus
having two or more native valve leaflets;

positioning the replacement valve so that tips of the plurality of first anchors
are downstream of the native valve leaflets;

exposing a portion of the downstream end of the replacement valve so that the
plurality of first anchors extend radially from the delivery device and the anchor tips
are positioned to an outer side of the native leaflets;

moving the replacement valve in an upstream direction so that tips of the
plurality of first anchors engage a downstream side of the native mitral valve annulus;
and

after the plurality of first anchors engage the native mitral valve annulus,
releasing the replacement valve from the delivery device and allowing the frame to
expand to a radially expanded state.
17. The method of claim 16, wherein the downstream end of the frame has a

foreshortening portion configured to longitudinally expand when in the radially compacted
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state and longitudinally contract when the foreshortening portion is in the radially expanded
state and the upstream end maintains a substantially constant longitudinal length in the
expanded state and in the compacted state.

18. The method of claim 17, wherein a downstream portion of the frame
foreshortens and flares radially outward as the frame expands to the expanded state.

19. The method of claim 16, wherein moving the replacement valve in an
upstream direction comprises engaging and compacting or folding the native valve leaflets
with the plurality of first anchors.

20. The method of claim 16, wherein moving the replacement valve in an
upstream direction so that tips of the plurality of first anchors engage a downstream side of
the native valve annulus comprises engaging a posterior leaflet.

21. The method of claim 20, further comprising after engaging the posterior
leaflet repositioning the replacement valve, and engaging an anterior leaflet with the plurality
of first anchors.

22. The method of claim 16, further comprising engaging an upstream side of the
native mitral valve annulus with a plurality of second anchors.

23. The method of claim 16, wherein exposing a portion of the downstream end of
the replacement valve so that the plurality of first anchors extend radially from the delivery
device further comprises expanding the frame to a first expanded state.

24. The method of claim 23, further comprising expanding the frame to a second
expanded state and moving the replacement valve in an upstream direction so that tips of the
plurality of first anchors engage another part of the downstream side of the native mitral
valve annulus.

25. The method of claim 24, wherein releasing the replacement valve from the
delivery device and allowing the frame to expand to a radially expanded state comprising

expanding the frame to a third expanded state.
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