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PERCUTANEOUSLY DELIVERABLE HEART VALVE
INCLUDING FOLDED MEMBRANE CUSPS WITH INTEGRAL LEAFLETS
FIELD

The present invention relates to the field of medical devices, and more particularly, to

percutaneously deliverable heart valves.
BACKGROUND

The native heart valves, and in particular, the aortic valve, has a complex geometry that
endows both ideal opening and closing geometries through an anatomic joining of a tubular
inflow structure of the left ventricular outflow tract and an expansion of the valve sinuses above
the hinging point of the valve leaflets defined by the aortic valve annular ring, part of the fibrous
“skeleton” of the heart.

For the purposes of discussion and definition in the ensuing descriptions, the “upper”,
downstream outlet structure of the native aortic valve above its hinging point contains three
valve “cusps” of a generally spherical contour with central mobile portions termed “leaflets” that
are induced by fluid pressure gradients to meet centrally to close and to move radially outward
to open in valve operation. The cusps are further continuous with downstream curved tissue
walls meeting the tubular great vessel, the aorta, at the “sino-tubular junction”. Each cusp and
its upper, downstream extension above the level of leaflet closure (“coaptation™) are a
continuous structure of a generally spherical contour and together define the envelope of the
“sinus of Valsalva. Typically, surgical prosthetic valves arc implanted by excision of the
diseased native valve leaflets at the level of the annular ring, and suturing of the prosthetic valve
at this point, thus replacing only the opening geometry of the valve and leaving the outer
structures of the cusps and the sinuses of Valsalva, the anatomy that confers proper closing
geometry, generally intact.

Surgical valve prostheses are generally constructed as analogs to this central portion of
the native valve geometry involved in the opening phase of the valve cycle. This approach to
modeling the replacement valve prosthesis is enabled by the nature of the surgical technique: the
replacement valve is sutured into the valve seat under direct vision. In contrast, a percutaneous
stent-mounted heart valve (“PHV™) is typically a construct in which the operating valve
membrane leaflets are mounted and confined within the tubular envelope of a collapsible frame
for effective transvascular delivery.

Further, in order to preclude valve regurgitation, the base of each leaflet must lie in exact
apposition to the valve seat to form a seal, a condition that is difficult to satisfy without
implantation under direct vision. Even then, since the diseased native valve would not be

removed and its axial geometry is often distorted, it may not be possible to seat a PHV exactly
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under any circumstances. Thus, a cylindrical cuff layer, interior or exterior to the frame, is
usually employed that acts as a seal and provides some latitude in the positioning and alignment
of the PHV along the axis of flow, allowing for reliable and effective PHV implantation and
minimizing the risk of significant valve regurgitation. Finally, the diseased native valve leaflets,
when pushed outward by the deployed PHV frame, may themselves form a barrier separating the
sinuses of Valsalva from the leaflets of the PHV, then disrupting the native closing geometry of
the valve so that the sinuses are no longer continuous with the pressurized space above the PHV
leaflets.

These issues illustrate some of the challenges to the formation of a PHV; that is, how to
confine operating leaflets within a partially sealed tubular structure while preserving ideal
opening and closing valve behavior without the benefit of the natural mechanism of the sinuses
of Valsalva in a single valve and leaflet geometry, such as the separate and distinct upper and
lower geometries of the native valve. As such, there is a need for additional devices, systems
and/or methods that address one or more of the problems or shortcomings noted above.

SUMMARY

It is to be understood that the present invention includes a variety of different versions or
embodiments, and this Summary is not meant to be limiting or all-inclusive. This Summary
provides some general descriptions of some of the embodiments, but may also include some
more specific descriptions of other embodiments.

Two goals of at least some embodiments of the present inventions are: (1) to maximize
effective orifice area and minimize opening pressure gradients through geometry that mimics the
natural form of inflow into the valve — the tubular outflow tract of the heart pumping chamber;
and (2) to minimize the inward tension on the leaflet commissures in the closed position through
geometry that mimics the natural effect of the sinuses of Valsalva - an effect that prevents
downward displacement of the leaflet free edges under closing pressure, thus distributing force
along the lines of leaflet apposition rather than focusing it at the points of leaflet attachment to
the frame.

The first of these goals dictates that the inflow to the valve, similar to that of the natural
aortic valve, encounters then outwardly displaces the most central portion of the leaflets first,
with opening moving progressively outward along the surface of the leaflets. The second
suggests that the cross-sectional profile of the valve sinus/cusp formed in its central portion by
the free edge of the leaflets, like that of the natural aortic valve, should be approximately
elliptical, and that the cross-sectional diameter of each cusp should progressively decrease below
the plane of leaflet apposition, like that of the natural valve cusps. One or more embodiments of

the one or more present inventions answer the configuration ideals with a robust balance of
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functional geometries for valve opening and closing.

The spherical geometry of the native aortic valve leaflets is difficult to replicate in a
transcatheter valve. First, while this shape is functionally robust in vivo, even if reproduced in
some form it is not suited to efficient radial compression typically required for collapse into a
small diameter delivery catheter used in transcatheter valve delivery systems, and discontinuities
would develop in the leaflet surface that would resolve into irregular folds with at least some
circumferential component, thereby threatening the restitution of the geometry on reopening at
deployment. Second, tissue bioprosthetic valve leaflets, if not actually constituted of the animal
valve itself, are typically constructed of flat sheet tissue membrane from which rendering of
cusps with leaflets of a spherical contour would be difficult if not impossible without the use of
traction force on the material, or extensive cutting and suturing of the leaflet cusp portion — an
impractical approach, and a threat to the material integrity of the thin tissue membrane.

At least one embodiment of the one or more present inventions answers these challenges
by employing conical rather than spherical cusp geometry, thereby reproducing some benefits of
the latter with near-elliptical leaflet cross-section that progressively decreases moving proximal
to the plane of leaflet apposition while being readily conformed on outward radial compression
in the valve opening phase into a substantially flat folded construct against the interior tubular
walls of the containing frame. This favorable resolution of the conical geometry in opening
phase expresses the opening efficiency of this valve design with a large effective orifice area and
low transvalvular energy losses. In the closed position, the free edges of the separate leaflets of
the conical cusps meet in apposition, each cone acting as an independent valve; pressure load-
bearing is enhanced by the material continuity of the cone structure with the inner apposing wall
and outer wall of each cone being part of a single continuous membrane structure. Further, the
conical cusps are particularly suited for compression and containment within a collapsible frame
for transcatheter delivery.

In at least one embodiment, a transcatheter, percutancously implantable, bioprosthetic
heart valve having a lattice frame comprising a substantially tubular alloy metal mesh, and two
or more valve cusps with leaflets mounted to the lattice frame, is provided. Further, the cusps
include a flat sheet of processed mammalian tissue membrane that is folded into a substantially
conical shape according to a flat folding pattern, the substantially conical shape is further formed
by joining opposing sides of the substantially conical shape along a seam that is oriented along a
longitudinal axis of the substantially conical shape. In at least one embodiment, the two or more
cusps are attached along their seams (which may or may not include the apexes of the cusps),
such as, by way of example and not limitation, along the axial centerline of the outer

circumference of the cone, to an interior portion of the lattice frame along an axial flow direction

3



10

15

20

25

30

WO 2012/082952 PCT/US2011/064989

of the valve and are further attached along the distal, downstream, edge of the substantially
conical shape along at least an outer half of the substantially conical shape’s edge. When the
membrane valve leaflet is attached to the frame, its principal line of securement along the axial
centerline of the outer circumference of the cone is attached at a non-commissural seam or edge,
effecting a coaxial (to the flow axis) line of attachment at an area of the structure that
advantageously bears load, thereby relieving the commissural attachment of loads associated
with the securement of the cusp structures to the frame. As such, the leaflet commissure
attachments, thus located at points where the leaflet membrane is continuous and uncut,
advantageously need only bear the centripetal loads associated with the radially inward
movement and operation of the free edges of the leaflets.

In at least one embodiment, a transcatheter, percutancously implantable, bioprosthetic
heart valve is provided wherein two distal, downstream, vertices of the flattened cusp and leaflet
structure are folded over in a radially outward direction and fixed to the frame such that the
vertex folds of neighboring leaflets are adjacent and define an extent of leaflet apposition at the
points corresponding to leaflet commissures.

In at least one embodiment, a transcatheter, percutancously implantable, bioprosthetic
heart valve is provided wherein a vertex forming a proximal, upstream, apex of the substantially
conical shape is folded over in a radially outward direction and affixed to an inner portion of the
frame.

In at least one embodiment, a transcatheter, percutancously implantable, bioprosthetic
heart valve is provided wherein the flat folding pattern is polygonal and includes extending
portions that, when the leaflet is mounted, extend circumferentially outward from an axial line of
attachment of the leaflet to the frame so as to form, when joined and attached to corresponding
extending portions of neighboring leaflets, an integral, inner, luminal, circumferentially partial
or complete sealing cuff.

In at least one embodiment, a transcatheter, percutancously implantable, bioprosthetic
heart valve is provided wherein a separate tubular sealing cuff of tissue membrane is attached to
an outer, abluminal surface of the frame to form a sealing cuff. In at least one embodiment, the
membrane sheet is a single layer of a substantially homogenous material. In at least one
embodiment, the membrane sheet is an unlaminated single layer of material. In at least one
embodiment, the membrane sheet is a single layer of material that does not include any
reinforcement, such as reinforcing fibers. In at least one embodiment, the membrane sheet is a
single layer of treated pericardium tissue. In at least one embodiment, the membrane sheet is a

single layer of a synthetic film.
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Therefore, in accordance with at least one embodiment, a transcatheter, percutancously
implantable, prosthetic heart valve is provided, comprising:

a lattice frame; and

two or more integrated cusp and leaflet folded structures attached to the lattice frame, the
two or more integrated cusp and leaflet folded structures each comprising a flat sheet of
biocompatible membrane that is folded to include a mobile leaflet layer and a cusp wall layer,
wherein the cusp wall layer located radially outside of the mobile leaflet layer, and wherein the
cusp wall layer is further formed by joining apposing sides of the cusp wall layer along a seam.
In accordance with at least one embodiment, the two or more integrated cusp and leaflet folded
structures are each attached along their respective seams to the lattice frame. In accordance with
at least one embodiment, the seams are oriented in a direction substantially parallel to an axis of
the lattice frame. In accordance with at least one embodiment, the flat sheet of biocompatible
membrane forming at least one integrated cusp and leaflet folded structure of the two or more
integrated cusp and leaflet folded structures comprises two or more pieces of biocompatible
membrane material.

In accordance with at least one embodiment, a transcatheter, percutaneously implantable,
prosthetic heart valve is provided, comprising:

a lattice frame; and

two or more integrated cusp and leaflet folded structures attached to the lattice frame, the
two or more integrated cusp and leaflet folded structures each comprising a flat sheet of a
biocompatible membrane that is folded to include a valve cusp according to a flat folding
pattern, wherein the valve cusp is further formed by joining apposing sides of the valve cusp
along a seam, and wherein the two or more integrated cusp and leaflet folded structures are each
attached along their respective seams to the lattice frame in a direction substantially parallel to
an axis of the lattice frame. In accordance with at least one embodiment, two distal,
downstream, vertices of the integrated cusp and leaflet folded structure are folded over as vertex
folds in a radially outward direction and fixed to the lattice frame such that the vertex folds of
circumferentially adjacent leaflets are adjacent and define a degree of leaflet apposition at the
points corresponding to leaflet commissures. In accordance with at least one embodiment, the
two distal, downstream, vertices are fixed to the lattice frame by attachment not along an
alignment with the vertex folds. In accordance with at least one embodiment, a vertex forming a
proximal, upstream, tip of the substantially conical shape is folded over in a radially outward
direction and attached to an inner portion of the lattice frame. In accordance with at least one
embodiment, the flat folding pattern is polygonal and includes extending portions that, when the

cusp is mounted, extend circumferentially outward from an axial line of attachment of the cusp
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to the frame so as to form, when joined and attached to corresponding extending portions of
neighboring cusps, an integral, inner, luminal, circumferentially complete sealing cuff. In
accordance with at least one embodiment, the flat folding pattern is polygonal and includes
extending portions that, when the two or more cusps are mounted, extend circumferentially
outward from an axial line of attachment of the cusp to the lattice frame so as to form a
circumferentially incomplete sealing cuff portion associated with each cusp. In accordance with
at least one embodiment, a separate tubular sealing cuff of biocompatible membrane is attached
to an outer, abluminal surface of the lattice frame to form a sealing cuff. In accordance with at
least one embodiment, the lattice frame is collapsible and expandable and comprises a metal
alloy substantially configured as tubular stent member. In accordance with at least one
embodiment, the biocompatible membrane comprises processed mammalian pericardium tissue.
In accordance with at least one embodiment, the biocompatible membrane does not comprise a
treated tissue. In accordance with at least one embodiment, the biocompatible membrane
comprises a synthetic material. In accordance with at least one embodiment, the seams of the
two or more integrated cusp and leaflet folded structures are each oriented along an axis of flow
of the valve. In accordance with at least one embodiment, the two or more integrated cusp and
leaflet folded structures are each further attached to a circumferential portion of the lattice frame
along at least a portion of their distal downstream edges. In accordance with at least one
embodiment, the two or more integrated cusp and leaflet folded structures are attached to the
lattice frame at least at a non-commissural seam aligned with an axial flow direction of the
valve.

In accordance with at least one embodiment, a transcatheter, percutaneously implantable,
prosthetic heart valve is provided, comprising:

a lattice frame; and

two or more integrated cusp and leaflet structures attached to the lattice frame, the two or
more integrated cusp and leaflet structures each comprising a flat sheet of biocompatible
membrane that is folded to include a mobile leaflet layer and a cusp wall layer, wherein with the
mobile leaflet layer in a closed position a transverse cross-sectional area of a cusp-sinus space
decreases monotonically from a distal end to a proximal end of the mobile leaflet layer. In
accordance with at least one embodiment, the cusp wall layer is located radially outside of the
mobile leaflet layer. In accordance with at least one embodiment, the cusp wall layer is further
formed by joining apposing sides of the cusp wall layer along a seam. In accordance with at
least one embodiment, the mobile leaflet layer in the closed position a transverse cross-sectional
length of the mobile leaflet layer decreases monotonically from a distal end to a proximal end of

the mobile leaflet layer. In accordance with at least one embodiment, the mobile leaflet layer and
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the cusp wall layer of each integrated cusp and leaflet structure are a single continuous piece of
biocompatible membrane.

At least one invention of the one or more present inventions is a novel integrated cusp
and leaflet structure that has application for a variety uses, including implantable valves other
than prosthetic heart valves. Accordingly, in at least one embodiment, and in subcombination,
an integrated cusp and leaflet structure for attachment to a lattice frame to form a valve
configured for implantation in a vascular system of a patient is provided, the integrated cusp and
leaflet structure comprising:

a flat sheet of biocompatible membrane that is folded to include a mobile leaflet layer
and a cusp wall layer, wherein the cusp wall layer is divided along a seam, and wherein the
mobile leaflet layer is continuous and apposes the cusp wall layer when the integrated cusp and
leaflet structure is pressed substantially flat. In accordance with at least one embodiment, the
mobile leaflet layer and the cusp wall layer of the integrated cusp and leaflet structure are a
single continuous piece of biocompatible membrane. In accordance with at least one
embodiment, the biocompatible membrane comprises a synthetic material. In accordance with
at least one embodiment, the integrated cusp and leaflet structure further comprises at least one
commissure tab. In accordance with at least one embodiment, the at least one commissure tab is
configured for engaging a slot within a member of the lattice frame.

One or more embodiments of the one or more present inventions are also directed to
methods for forming the inventive valves described herein, as well as its component elements.
Accordingly, a method of forming an integrated cusp and leaflet folded structure for use in an
implantable valve having an axial flow direction is provided, comprising: folding a flat sheet of
biocompatible membrane to form an integrated cusp and leaflet folded structure according to a
flat folding pattern, wherein said folding includes making two diagonal folds in the flat sheet of
biocompatible membrane, the two diagonal folds separating a mobile leaflet layer from a cusp
wall layer of the integrated cusp and leaflet folded structure. In accordance with at least one
embodiment, the two diagonal folds are angled at between about 10 to 80 degrees from the axial
flow direction. In accordance with at least one embodiment, the method further comprises
forming first and second cusp wall folds, wherein the cusp wall layer is further formed by
joining apposing membrane portions adjacent the first and second cusp wall folds along a secam
that is oriented substantially parallel with the axial flow direction.

In addition to the foregoing, in accordance with at least one embodiment, a method of
forming a transcatheter, percutancously implantable, prosthetic heart valve is provided,
comprising: folding a plurality of integrated cusp and leaflet folded structures, each integrated

cusp and leaflet folded structure of the plurality of integrated cusp and leaflet folded structures
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comprising a flat sheet of biocompatible membrane that is folded to form a cusp according to a
flat folding pattern, wherein the cusp is further formed by joining apposing sides of the cusp
along a seam; and attaching each integrated cusp and leaflet folded structure of the plurality of
integrated cusp and leaflet folded structures to a lattice frame, wherein the two or more
integrated cusp and leaflet folded structures are each attached along their respective seams to the
lattice frame in a direction substantially parallel to an axis of the lattice frame.

Various components are referred to herein as “operably associated.” As used herein,
“operably associated” refers to components that are linked together in operable fashion, and
encompasses embodiments in which components are linked directly, as well as embodiments in
which additional components are placed between the two linked components.

2% &<

As used herein, “at least one,” “one or more,” and “and/or” are open-ended expressions
that are both conjunctive and disjunctive in operation. For example, each of the expressions “at
least one of A, B and C,” “at least one of A, B, or C,” “one or more of A, B, and C,” “one or
more of A, B, or C” and “A, B, and/or C”’ means A alone, B alone, C alone, A and B together, A
and C together, B and C together, or A, B and C together.

Various embodiments of the present inventions are set forth in the attached figures and in
the Detailed Description as provided herein and as embodied by the claims. It should be
understood, however, that this Summary does not contain all of the aspects and embodiments of
the one or more present inventions, is not meant to be limiting or restrictive in any manner, and
that the invention(s) as disclosed herein is/are understood by those of ordinary skill in the art to
encompass obvious improvements and modifications thereto.

Additional advantages of the present invention will become readily apparent from the
following discussion, particularly when taken together with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

To further clarify the above and other advantages and features of the one or more present
inventions, a more particular description of the one or more present inventions is rendered by
reference to specific embodiments thereof which are illustrated in the appended drawings. It
should be appreciated that these drawings depict only typical embodiments of the one or more
present inventions and are therefore not to be considered limiting of its scope. The one or more
present inventions are described and explained with additional specificity and detail through the
use of the accompanying drawings in which:

Fig. 1A is a plan view of a flat sheet membrane template for the formation of an
integrated cusp and leaflet folded structure in accordance with at least one embodiment of the

one or more present inventions;
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Fig. 1B is an oblique axial top (distal) perspective view directed downward (proximal)
and radially outward of a folded membrane sheet after execution of the template foldings
illustrated in Fig. 1A, thereby yielding a completed integrated cusp and leaflet folded structure;

Fig. 1C is a side perspective view directed radially outward of the inner aspect of an
initially folded version of the integrated cusp and leaflet template shown in Fig. 1A;

Fig. 1D is an oblique axial top (distal) perspective view directed downward (proximal)
and radially outward of a further partially folded version of the integrated cusp and leaflet folded
structure shown in Fig. 1C;

Fig. 1E is an another oblique axial top (distal) perspective view directed downward
(proximal) and radially outward of a further partially folded version of the integrated cusp and
leaflet folded structure shown in Fig. 1D;

Fig. 1F is a modified version of the integrated cusp and leaflet folded structure shown in
Fig. 1E;

Fig. 1G is same structure and view shown in Fig. 1E, along with a top (distal) cross-
section schematic view of the distal end of a three-leaflet valve in a closed operating position;

Fig. 2 is a plan view of another flat sheet membrane template for the formation of an
integrated cusp and leaflet folded structure in accordance with at least one embodiment of the
one or more present inventions;

Fig. 3 is a plan view of yet another flat sheet membrane template for the formation of an
integrated cusp and leaflet folded structure in accordance with at least one embodiment of the
one or more present inventions;

Fig. 4 is a plan view of still yet another flat sheet membrane template for the formation
of an integrated cusp and leaflet folded structure in accordance with at least one embodiment of
the one or more present inventions;

Fig. 5A is a plan view of another flat sheet membrane template for the formation of an
integrated cusp and leaflet folded structure in accordance with at least one embodiment of the
one or more present inventions;

Fig. 5B is an oblique axial top (distal) perspective view directed downward (proximal)
and radially outward of a partially folded version of an integrated cusp and leaflet folded
structure prepared in accordance with the template shown in Fig. 5A;

Fig. 5C is an oblique axial top (distal) perspective view directed downward (proximal)
and radially outward of a further partially folded version of the integrated cusp and leaflet folded
structure shown in Fig. 5B;

Fig. 5D is plan view of the inner (luminal) aspect of a completely folded version of the

structure of Fig. 5C, thereby yielding a completed integrated cusp and leaflet folded structure
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prepared in accordance with the template shown in Fig. SA (with the exception of unfolded
commissure tabs);

Fig. 5E shows a detail perspective view of a folded commissure tab;

Fig. 5F shows a perspective view of the outer (abluminal) aspect of the device shown in
Fig. 5D;

Fig. 6 is a plan view of yet another flat sheet membrane template for the formation of an
integrated cusp and leaflet folded structure in accordance with at least one embodiment of the
one or more present inventions;

Fig. 7A is a plan view of still yet another flat sheet membrane template for the formation
of an integrated cusp and leaflet folded structure in accordance with at least one embodiment of
the one or more present inventions;

Fig. 7B is an oblique axial top (distal) perspective view directed downward (proximal)
and radially outward of a partially folded version of an integrated cusp and leaflet folded
structure prepared in accordance with the template shown in Fig. 7A;

Fig. 7C is an oblique axial top (distal) perspective view directed downward (proximal)
and radially outward of a further partially folded version of the integrated cusp and leaflet folded
structure shown in Fig. 7B;

Fig. 7D is an oblique axial top (distal) perspective view directed downward (proximal)
and radially outward of yet a further partially folded version of the integrated cusp and leaflet
folded structure shown in Fig. 7C;

Fig. 7E shows a shallow oblique top perspective view of the outer (abluminal) aspect of
the partially folded cusp and leaflet structure of Fig. 7D;

Fig. 7F is a plan view of the inner (luminal) aspect of a completely folded version of the
structure of Fig. 7D yielding an integrated cusp and leaflet folded structure prepared in
accordance with the template shown in Fig. 7A (excepting that the commissure tabs and apex are
not yet folded outward);

Fig. 7G is a side perspective view of the outer (abluminal) aspect of the structure of Fig.
7F showing a completely folded version of an integrated cusp and leaflet folded structure
prepared in accordance with the template shown in Fig. 7A (excepting that the commissure tabs
and apex are not yet folded outward);

Fig. 7H is a plan view of the inner (luminal) aspect of a completely folded version of an
integrated cusp and leaflet folded structure prepared in accordance with the template shown in

Fig. 7A;
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Fig. 71 is a plan view of the outer (abluminal) aspect of a completely folded version of an
integrated cusp and leaflet folded structure prepared in accordance with the template shown in
Fig. 7A;

Fig. 7J is an oblique top (distal) perspective view of a completely folded version of an
integrated cusp and leaflet folded structure prepared in accordance with the template shown in
Fig. 7A;

Fig. 7K is a top perspective view directed downward (proximal) into the cusp space of an
integrated cusp and leaflet folded structure prepared in accordance with the template shown in
Fig. 7A;

Fig. 8A is an oblique top (distal) perspective view of an embodiment of a lattice frame
for mounting three of the single-piece folded integrated cusp and leaflet structures as described
herein;

Fig. 8B is a side elevation view of the lattice frame shown in Fig. 8A;

Fig. 8C is a side elevation view of the lattice frame of Fig. 8A with a superimposed plan
view of the radially outer aspect of the completely folded integrated cusp and leaflet structure of
Fig. 71;

Fig. 8D is an oblique axial (top/distal) perspective view of an assembled three-leaflet
valve in accordance with at least one embodiment;

Figs. 9A and 9B are two different oblique axial (top/distal) perspective views of another
embodiment of a lattice frame for mounting three of the single-piece folded integrated cusp and
leaflet structures that include commissure tabs;

Fig. 9C is a side perspective view of the lattice frame shown in Figs. 9A and 9B with a
superimposed plan view of the outer aspect of the completely folded integrated cusp and leaflet
structure of Fig. 71;

Fig. 9D is a side view of the lattice frame shown in Figs. 9A and 9B with superimposed
views of the outer aspect of two circumferentially adjacent completely folded integrated cusp
and leaflet structures; and

Fig. 9E is an oblique axial (top/distal) perspective view of an assembled three-leaflet
valve comprising the lattice frame shown in Figs. 9A and 9B and three identical folded
integrated cusp and leaflet structures.

The drawings are not necessarily to scale.

DETAILED DESCRIPTION

One or more embodiments of the one or more inventions described herein include an

implantable prosthetic heart valve having a frame and two or more cusp and leaflet structures

mounted to the frame. The frame preferably comprises a lattice of substantially tubular alloy
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metal mesh. The cusp and leaflet structures include a membrane operable to open and close,
thereby providing a functioning valve when mounted within a frame. In at least one
embodiment, the membrane preferably comprises a flat sheet of processed mammalian tissue
membrane that is folded into a substantially conical shape according to a flat folding pattern.

In the ensuing descriptions and referenced figures it will be seen that, when applied to a
dry sheet membrane, the folding initially results in a cusp shape of an inverted pyramid with a
rhomboid base. On relaxation of the folds as occurs naturally with a flexible and pliable
membrane, especially when the membrane is hydrated, the cusp shape becomes substantially
conical in shape and will be described as such in the ensuing descriptions as it more closely
represents the embodiment of the cusp in operation of the valve.

Formation of a valve construct as described herein provides a percutancously deliverable
heart valve with a relatively small diameter for transcatheter placement. That is, the
substantially conical shape associated with the flat folding patterns used to form leaflets as
described herein allow for construction of a valve that can be compressed prior to introduction to
a catheter to an advantageously small diameter, thereby facilitating transcatheter percutancous
delivery of the valve within a patient. The substantially conical shape is further formed by
joining two axially oriented sides of the substantially conical shape along a seam that is oriented
along a longitudinal axis of the substantially conical shape. The two or more integrated cusp
and leaflet structures are affixed to an interior portion of the lattice frame along an axial flow
direction of the valve and are further affixed along the distal, downstream, edge of the
substantially conical shape along at least an outer half of the substantially conical shape’s edge.

One or more of the various embodiments described herein have a number of different
features and characteristics as compared to other commercially available prosthetic heart valves.
For example, at least one embodiment of a transcatheter, percutaneously implantable, prosthetic
heart valve described below comprises a flat polygonal sheet membrane having more than four
sides and which forms an integrated cusp and leaflet structure.

In addition, at least one embodiment of a transcatheter, percutancously implantable,
prosthetic heart valve described below comprises integrated cusp and leaflet structures that are
attached to a lattice frame at the circumferential perimeter locations corresponding to the
commissures. At such locations, the length of the secam that forms the common line of
attachment of the cusp and integral leaflet to the frame is less than one-half to two-thirds of the
axial length of the membrane portion of the valve.

In at least one embodiment of a transcatheter, percutancously implantable, prosthetic
heart valve, when the valve is in the open position, the mobile leaflet layer apposes or is

geometrically free to appose its full outward surface completely to the immediately radially
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located outward structure, such as at least one of the cusp wall layer or interior surface of the
lattice frame. In at least one embodiment, in the closed position the transverse cross-sectional
length of the mobile leaflet layer and the cross-sectional area of the cusp/sinus space decreases
monotonically from the distal end to proximal end of the membrane portion of the valve. (That
is, generally the property of a cone as well as an inverted pyramid.)

In at least one embodiment, the mobile leaflet layer and the immediately outward
structure for the full axial length of the leaflet (cusp wall layer, frame, or other) are a single
continuous piece of material.

In at least one embodiment, at the base of each cusp (that is, at the most proximal extent
of the leaflet), the circumferential extent of attachment of the membrane to the frame is less than
the circumferential extent of attachment of the membrane to the frame at the distal end of the
cusp. In addition, at the base of each cusp, the circumferential extent of transverse (that is, on a
line or on the plane of a circumferential single-plane curve of folding that is generally
perpendicular to the flow axis of the valve) folding of the membrane to the frame is less than the
circumferential extent of transverse folding at the distal end of the cusp.

At least one embodiment, a prosthetic valve described herein comprises an integrated
cusp and leaflet structure wherein the apposing sides of the cusp are joined at one or more
axially oriented seams. In at least one embodiment, all folds and seams are located on line
segments.

At least one embodiment of the one or more present inventions does not include frame
elements, such as support members, spanning the interior of the valve luminal to support one or
more portions of the membrane sheet. Moreover, at least one embodiment of the one or more
present inventions does not include any hardware shaping form inward of or attached to any
portion of the mobile leaflet portion of the membrane.

In addition, at least one embodiment of the one or more present inventions does not
utilize attachment of the leaflet layer to the frame along the substantially complete
circumferential distance separating the commissures at any point below (more proximal than)
the commissure tabs.

At least one embodiment of the one or more present inventions does not include a
transverse fold or reflection of the leaflet layer along the substantially complete circumferential
distance separating the commissures at any point below (more proximal than) the commissure
tabs.

Nomenclature
For all embodiments presented herein it is to be understood that a “membrane” includes

suitable materials for forming the cusps and leaflets. Accordingly, with regard to particular
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material types that may be used to form the membrane sheet, in at least one embodiment the
membrane sheet forming the cusp or leaflet portions includes a one-piece, single layer sheet of
biocompatible membrane, such as fixed mammalian pericardium tissue or synthetic
biocompatible material, such as ¢ePTFE. In at least one embodiment, the membrane sheet is
made from a tissue preparation process that yields a leaflet material of suitable strength and
durability for use in a prosthetic transcatheter deliverable heart valve. The content of WO
2011/109450A2 published on September 9, 2011, is incorporated herein by reference. Although
the membrane sheet is preferably a single piece of material, a membrane sheet formed of a
plurality of pieces of material may be used, such as two to fifty or more pieces of material that
are connected.

As used herein “proximal” means situated near or closer to the upstream or flow inlet
end of the valve, and “distal” means situated near or closer to the downstream or flow outlet end
of the valve. This convention is further applied in the description of the various folded structure
elements (membrane sections, edge segments and fold lines) that are termed “proximal” or
“distal” if the final position or orientation of said element within the completed folded structure
satisfies the above definitions. Likewise, one of said elements is termed, “axial”, “transverse” or
“circumferential” to describe its position and orientation in the completed valve.

As used herein, a “cusp” means that structural portion of a valve related to a single
leaflet that encompasses a space closed toward the lower (proximal) direction and open to the
upper (distal) direction, formed by the joined and/or continuous structures of the mobile leaflet
portion on the radially inner side and the cusp wall portion on the radially outer side. The “cusp”
in the present invention is that structure described as having a substantially conical shape.

As used herein, the “mobile leaflet layer” or “leaflet” means that radially inward portion
of the cusp that moves during operation of the valve. For example, when the valve is closing the
mobile leaflet layer moves radially inward toward the central axis of the valve lumen. When the
valve is opening, the mobile leaflet layer moves radially outward and away from the central axis
of the valve lumen.

As used herein, the “cusp wall layer” means a portion of the cusp that resides radially
outward of the mobile leaflet layer. In some embodiments, a portion of the cusp wall layer
moves during operation of the valve. In other embodiments, the cusp wall layer remains
substantially immobile during operation of the valve.

As used herein, the “cuff wall layer” means a portion of the folded membrane structure
that resides radially outward of both the cusp wall layer and the mobile leaflet layer, and where
present, is radially closest to the frame of the three layers comprising the mobile leaflet layer, the

cusp wall layer, and the cuff wall layer. The cuff wall layer remains substantially immobile
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during operation of the valve.

A “frame” as used herein means a substantially tubular member that holds a plurality of
cusps and/or leaflets. By way of example, the frame may be a wire lattice or a lattice cut from a
single tubular piece of metal alloy, that is both collapsible and expandable.

A “valve” as used herein means a frame with a plurality of cusps and/or leaflets attached
thereto. In the present invention each of said leaflets is an integral part of a folded membrane
cusp structure. If a frame is used that is a metal lattice that is both collapsible and expandable,
such a construct may be delivered through a catheter percutancously to a target site within a
patient, such as the aortic valve.

As used herein, “cone” or “conical” means resembling a cone or portion thereof at some
point in the practical use of the structure.

As used herein “substantially conical” means resembling a cone or a portion thereof at
some point in the practical use of the structure with the specific property that the transverse (that
is, on a plane of section generally perpendicular to the axis of flow of the valve) cross-sectional
perimeter or area of said structure in the operationally closed position decreases monotonically

moving from the level of the leaflet apposition to the proximal end of the valve.

EE TS 2% ¢

As used herein, “two or more leaflets,” “two or more valve leaflets,” “a plurality of
leaflets” or a similar term means two, three, four, or more valve leaflets. Accordingly, “a valve
with two or more leaflets” includes a valve with two leaflets, a valve with three leaflets, a valve
with four leaflets, and a valve with more than four leaflets.

As used herein, a “folding” means the partition of a flat sheet section of material along a
sharp line of folding or crease into subsections each lying on separate planes, but without
interruption of material continuity.

As used herein, a “complete folding” means folding (as above) wherein the angular
change of the planar axis at the line of folding is approximately 180 degrees, such that the
subsections lie on approximately parallel planes and the subsections are in approximate
overlying contact with each other at least at some point.

As used herein, a “cuft” means that portion of a valve structure that lies radially outward
of the cusp wall portion that in some part circumferentially encompasses at least a portion of the
cusp structure and acts to limit flow that may pass retrograde around the cusp.

As used herein, “commissure” means the site of union or junction between adjacent
cusps and/or leaflets, and by extension, collectively those portions of the adjacent integrated

cusp and leaflet structures that are coincident at the union or junction in the completed valve

structure.
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As used herein, an “integrated cusp and leaflet folded structure” means a membrane
folded in accordance with one of the patterns described herein.

Folded Valve Integrated Cusp and Leaflet - Folding Pattern No. 1

Referring generally to Figs. 1A-7K, each cusp embodiment of an integrated cusp and
leaflet structure described herein is a substantially flattened cone collapsed along an axis
substantially perpendicular to its longitudinal axis. In one or more embodiments, the integrated
cusp and leaflet structure, when being formed from a piece of membrane, is readily realized by
folding a flat sheet of membrane from a closed polygon pattern. The pattern folding results in
apposing seam lines aligned along their axial length. These are joined to close the cusp in the
general shape of a cone with the joined seam forming the “spine” along which the cusp meets
the inner aspect of the tubular frame. It can be seen that, when formed of a dry sheet membrane,
the pattern results initially in a cusp shape that is an inverted pyramid with a rhomboid base that,
with a flexible, pliable membrane, is congruent to a substantially conical shape. On relaxation of
the folds in practical use a substantially conical cusp is realized wherein the inner mobile
operating portions of the leaflet are continuous with the outer portion that forms the integral wall
of the cusp sinus or pocket.

Referring now to Fig. 1A, a plan view of a rectangular flat sheet membrane template 100
is shown for the formation of a single-piece folded valve integrated cusp and leaflet. The plan
view is shown with a view of that leaflet surface that faces radially inward once folded and
mounted within a frame. Reference is also made to Fig. 1G, wherein a schematic of a valve in
distal axial view is shown, and wherein three cusps with integral leaflets are shown within the
frame that collectively form the valve. As described and illustrated in the present application,
alternate polygons and other closed shapes may be employed with alternate folding patterns to
generate alternate shapes and functional features of the valve cusp and leaflet, and complete
valve.

Referring again to Fig. 1A, and in accordance with at least one embodiment of the one or
more present inventions, dotted lines 101, 116, 117, 126 and 127 represent the position of folds
or creases applied to a piece of membrane to form a leaflet structure 130. More particularly,
folding at lines 116, 126 and 101 is initiated inward (with convexity of the surface disposed
radially inward toward the central axis of the valve lumen) while folds 117 and 127 are folded
initially outward (with convexity of surface disposed radially outward away from the central
axis of the valve lumen). Since folding causes re-orientation of the various sections of the sheet
template in relation to each other and to the valve geometry, final orientation of the fold lines
within the structure on mounting and operation of the leaflets will not necessarily retain the

same orientations as on initiation of the folds. The “inward” and “outward” conventions by this
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definition will be followed throughout the descriptions of the various folded geometries
presented herein.

Referring again to Fig. 1A, a line of division by cutting is indicated at 102. Cutting at
102 results in opposing edges 115 and 125 that will be separated by folding. The other free
edges of the structure are labeled as their position and orientation changes through the folding
steps. Fold 101 defines the central axis of symmetry of the leaflet pattern, with the concave side
of fold 101 facing radially outward toward the frame and away from the central axis of the valve
lumen. Fold 101 assists in the maintenance of axial symmetry of the folded construct, but is not
necessary to leaflet function and is not retained in the final operational form of the valve. (See
Fig. 7A.)

Referring now to Fig. 1B, an oblique axial top (distal) perspective view of a substantially
completed folded leaflet structure 130 is shown. (Three completed folded cusp and leaflet
structures 130 are typically mounted to a frame to form an operating heart valve.)

The view of Fig. 1B is directed downward (proximally) and radially outward, with such
view illustrating a substantially completed folded leaflet and cusp structure 130 that depicts the
reoriented segments and sections of Fig. 1A after execution of the template foldings. Segments
111 and 121 form the left and right halves of the distal free edge of the mobile operating portion
of the leaflet. Inward folding at 116 and 126 forms a second layer of membrane outward of the
first, with segments 112 and 122 forming the distal free margin of the outer wall of the
integrated cusp. In radially flatted form of the integrated cusp and leaflet structure (that is,
approximating the open operating position of the leaflet), the segment 111 will appose to 112,
and 121 will appose to 122.

The left cusp wall section 161 is bounded by folds 116 and 117 and edge segment 112.
The right cusp wall section 171 is bounded by folds 126 and 127 and edge segment 122.

The left cuff wall section 118 is bounded by fold 117 and edge segments 113, 114 and
115. The right cuff wall section 128 is bounded by fold 127 and edge segments 123, 124 and
125. Inward folding at 117 and 127 cause these cuff wall sections 118 and 128 to position
outward of the cusp wall sections 161 and 171, respectively. In radially flatted form of the
completed folded structure (again, approximating the open operating position of the leaflet), the
edge segment 113 will appose to 112, and edge segment 123 will appose to 122.

Folded Valve Folding Sequence

Referring now to Figs. 1C and 1D, oblique axial top (distal) perspective views of a
partially completed folded leaflet and cusp are shown. The views provided by Figs. 1C and 1D
are directed downward (proximally) and radially outward, with such views depicting the

reoriented segments and sections of Fig. 1A after partial execution of the template foldings.
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Fig. 1C shows a perspective view of the inner aspect of the template 100 after initiation
of the foldings and cutting at 102 resulting in left and right cuff wall sections 118 and 128,
respectively. The cut free edges 115 and 125 are separated along with the left and right cuff
wall sections 118 and 128 by outward folding at 117 and 127, respectively. Completed folding at
117 and 127 results in the cuff wall sections 118 and 128, respectively. Distally situated (with
respect to the blood flow direction) edge segments 113 and 123 of the cuff wall sections 118 and
128, as well as proximally situated edge segments 115 and 125 of the cuff wall sections 118 and
128, are positioned transverse, and in at least one embodiment, substantially perpendicular, to
the central axis of the valve.

Fig. 1D shows the cusp and leaflet structure 120 with the folds 116, 126, 117 and 127 at
an intermediate stage of completion. Triangular left and right mobile leaflet sections 119 and
129 respectively are bounded by folds 101 and 116 and free edge segment 111 on the left, and
folds 101 and 126 and free edge segment 121 on the right. Folds 117 and 127 are then brought
into apposition on the outward aspect of the integrated cusp and leaflet along a seam line 132
where the folds will be joined and attached to a frame to close the shape of the single-piece
continuous conical integrated cusp and leaflet.

Referring now to Figs. 1E and 1F, oblique axial top (distal) perspective views of a
substantially completed folded cusp and leaflet are shown. The views provided by Figs. 1E and
IF are directed downward (proximally) and radially outward, with such views depicting the
reoriented segments and sections of Fig. 1A after execution of the template foldings.

Fig. 1E shows the cusp and leaflet folding substantially completed forming the structure
130 with the seam 132 formed by the apposition of folds 117 and 127, thus forming a generally
conical cusp and sinus space 131. The triangular corners formed at the distal ends of folds 116
and 126 are apposed to and attached to the cuff wall sections 118 and 128, respectively.
Between adjacent cusp and leaflet structures in a multi-leaflet valve, the folded corners form the
junction joining the adjacent free edges (121 of leaflet A to 111 of leaflet B, for example) of the
mobile leaflet portions. When further attached to the circumferential valve frame, these corners
tether the free edges of the mobile leaflet portions to the circumferential inner boundary of the
generally cylindrical valve frame, thus forming valve leaflet commissures at each similar join.

Referring now to Fig. 1F, a structure similar to that of Fig. 1E is depicted, but with the
cuff wall sections 118B and 128B reduced in circumferential extent from that of leaflet structure
130 shown in Fig. 1E. More particularly, depending on the clinical application of the valve, a
fully circumferential cuff wall may be unnecessary, and a valve with a limited cuff wall with

less tissue membrane mass may offer functional advantages. Alternatively, an additional piece
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of membrane may be placed circumferentially around the outer abluminal surface of the valve
frame to act as a sealing cuff to form a barrier against valvular regurgitation.

Referring again to Fig. 1E, the apex 133 (proximal tip) of the conical cusp and leaflet
forms the lower (proximal) end of the seam 132. In at least one embodiment, the apex 133 is
also attached to the circumferential boundary of the valve and valve frame.

Referring now to Fig. 1G, for ease of reference the structure of Fig. 1E is again shown in
Fig. 1G at the top of the page, along with a top (distal) cross-section view of the distal end of a
three-leaflet valve in the closed operating position. The three cusps with leaflets are shown
residing within a lattice frame in order to indicate the configuration of elements between the
folded integrated cusp and leaflet structure 130 and its disposition within a three-leaflet frame-
mounted valve. Suture attachments are omitted for clarity.

For each folded integrated cusp and leaflet structure, the outer axial seam 132 is aligned
with one or more frame members 141 in a manner to permit the attachment of the folds 117 to
127, and to the coincident frame member by the same attachment, for example, by a single knot
or line of suture. Advantageously for this purpose, the frame may preferentially contain axially
oriented members that align to the seam 132 for part or all of the full axial extent of the valve.
Further, said axially oriented members may advantageously contain holes or notches for
securing and tying suture.

In Fig. 1G at point A, an illustrated loop symbolizing a suture knot is shown to
demonstrate that a single knot may advantageously pass through or engage the frame member
and the six layers; that is, the mobile leaflet section, the cusp wall section, and the cuff wall
section of each adjoining cusp and leaflet structure that are coincident at this site of the
commissure.

Referring still to Fig. 1G, it can be seen that the folded integrated cusp and leaflet
structure, when mounted within the lattice frame and placed in the closed operating position,
manifests the following configurations: (1) the left leaflet free edge segment 111 is in each case
apposed to the right leaflet free edge segment 121 of the adjacent leaflet; (2) the portions of the
leaflets just proximal to the free edges, thus, are also apposed to form the contact seal that
enables effective closing operation, thereby preventing valvular regurgitation; and (3) the distal
edges 112 and 122 of the cusp wall sections are apposed to the distal edges of the cuff wall
sections 113 and 123, respectively.

Folded Valve Pattern Variation No. 2

Referring now to Fig. 2, and in accordance with at least one embodiment, a plan view of
a flat sheet membrane template 200 that is polygonal rather than rectangular is shown. Template

200 contains folds 201, 216, 226, 217 and 227 that correspond to folds 101, 116, 126, 117 and
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127, respectively, and are disposed in like manner in folding execution, as are the segments
enumerated. The folding pattern is designed to form a longer cone of the same diameter, which
achieves a more distally disposed central point of valve leaflet coaptation, the mechanics of
which are more tolerant of pressure loads. The pattern dimensions may be altered to suit the
particular clinical application of the valve. The template examples disclosed herein are for
enablement purposes and shall not be interpreted as limiting the scope of the claims. The
example is shown for a cusp cone wall disposed at about a 60 degree angle to the horizontal
(short axis) of the generally cylindrical valve geometry, whereas that angle for the rectangular
pattern of Figs. 1A-1G was about 45 degrees.

Folded Valve Pattern Variation No. 3

Referring now to Fig. 3, and in accordance with at least one embodiment, a plan view of
template 300 is shown for a flat sheet membrane that contains the pattern 200 of Fig. 2 with
added sections that extend the distal contour of the structure when completed in folding. More
particularly, the free edge of the mobile leaflet section is extended distally with a section having
a polygonal or curved free edge in order to increase the contacting area of leaflet apposition in
valve closing operation. Additionally, the distal contour of the cusp wall sections and cuff wall
sections 318 and 328 are extended by “tab” sections 318T and 328T, respectively. These added
“tab” extensions allow for increased arca by which to mount the outer wall of the cusp and
leaflet assembly to the frame and for elevating the cuff wall “above” (more distal to) the plane of
leaflet apposition, thereby also increasing the effective volume of the cusp in closing operation.
These “tab” extensions, being distally disposed after completion of folding and initial mounting
within the lattice frame, or a distal portion of them may optionally be folded radially outward
along 312-313 and 322-323, for example, to wrap around the distal edge of the frame such that
the “tab” extension areas 318T and 328T lie on the outer, abluminal aspect of the frame where,
when attached to the frame, they potentially increase the strength of the cusp attachment.

Referring still to Fig. 3, template 300 contains folds 301, 316, 326, 317 and 327 that
correspond to folds 101, 116, 126, 117 and 127, respectively, and are disposed in like manner in
folding execution, as are the edge segments similarly enumerated. In addition to the tab features
discussed in the preceding paragraph, as with template 200, template 300 is designed to form a
longer cone of the same diameter, which achieves a more distally disposed central point of valve
leaflet coaptation. Again, the pattern dimensions may be altered to suit the particular clinical
application of the valve. The example is shown for a cusp cone wall disposed at about a 60
degree angle to the horizontal (short axis) of the generally cylindrical valve geometry.

Folded Valve Pattern Variation No. 4
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Referring now to Fig. 4, and in accordance with at least one embodiment, a plan view of
pattern 400 is shown for a flat sheet membrane similar to pattern 300, except that the extension
“tab” sections 412T and 422T are distal extensions of the cusp wall sections only. This
limitation reduces the double layer of membrane extension at the distal end of the completely
folded integrated cusp and leaflet structure to a single layer, thereby reducing the mass of
membrane in the heart valve which might otherwise disadvantageously limit the efficiency of
collapsing and compressing the valve for use in the percutancous/transcatheter delivery
application.

In addition, at the lower (proximal) apex 433 of the cusp cone pattern the lower
(proximal) extent of the cuff wall sections 418 and 428 is limited so as to “expose” the apex of
the cone in the pattern. This feature allows, on the completely folded integrated cusp and leaflet
structure, the transverse, radially outward folding of the tip of the cone-shaped cusp at line 403
between points U and V. (See figures 7.) The folding of the apex reduces the overall axial
length of the cusp and leaflet structure, allowing for increased cusp/sinus volume for a given
valve diameter and frame length.

The template 400 contains folds 401, 416, 426, 417 and 427 that correspond to folds 101,
116, 126, 117 and 127, respectively, and are disposed in like manner in folding execution, as are
the edge segments similarly enumerated. Similar to templates 200 and 300 described above,
template 400 dimensions may be altered to suit the particular clinical application of the valve.
The example is shown for a cusp cone wall disposed at about a 60 degree angle to the horizontal
(short axis) of the generally cylindrical valve geometry.

Folded Valve Pattern Variation No. 5

Referring now to Figs. 5A-5F, yet another embodiment of a template pattern is
illustrated. Referring specifically now to Fig. 5A, a plan view of template 500 is shown for a
flat sheet membrane. The template 500 contains folds 501, 516, 526, 517 and 527 that
correspond to folds 101, 116, 126, 117 and 127, respectively, and are disposed in like manner in
folding execution, as are the edge segments similarly enumerated.

Template 500 illustrates a flat sheet membrane that is basically rectangular and is similar
to the upper (distal) portion of template 100 of Figs. 1A-1G, except that (a) the distal extension
arcas 512T and 522T are added at the left and right margins of the template 500, and (b) the
lower quadrants forming the cuff wall sections of the template 100 are truncated in template 500
to narrow cuff wall sections 518 and 528, the extent of which is defined by the length of cut 502.
These limited interior cuff sections are still used for frame attachment along the central seam
532 of the cusp and leaflet cone, and the distal extension sections 512T and 522T are still used

for attachment of the outer cusp wall to the distal edge of the frame.
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Referring still to Figs. SA-5F, corner folds 505 and 506 are now described. For template

500, after folds 516 and 526 are executed by complete folding, segments 512 and 522 are
apposed and aligned to segments 511 and 521, respectively, and overlapping layers (mobile
leaflet layer and cusp wall layer) form triangular corner sections at 562 and 572. Radially
outward folding of these corner sections at 505 and 506 define the axial extent of the leaflet
commissures such that joining the corner sections of adjacent leaflet structures along corner
folds 505 and 506 causes the leaflet apposition to be at least the length of 505 in axial extent at
the radial margin of the leaflet. (See Fig. 9E that illustrates an embodiment of a valve
comprising a frame 920 with a plurality of integral cusp and leaflet structures 730 attached to the
frame, wherein the structures 730 include corner sections 762 and 772 corresponding to the
corner sections 562 and 572 of template 500.) Additionally, these double-layer triangular corner
sections 562 and 572 are used for attachment of the commissures to the frame. The stent frame
may optionally contain a slot at this point of attachment through which this triangular “tab”
section may be inserted and attached on the abluminal surface of the frame. (Again, see Fig.
9E.)

With specific reference now to Fig. 5B, a perspective view of the inner aspect (that is, a
view directed radially outward) of an initially folded structure 510 folded according to template
500 is shown. The central folding along 501 is initiated after cut 502 is executed as shown.
Foldings along 501, 516, and 526 are depicted as initiated radially inward (out of the page) and
foldings along 517 and 527 are depicted as initiated radially outward (into the page).

Figure 5C shows a steeply oblique perspective view of the folded integrated cusp and
leaflet 520 at an intermediate stage of completion of the foldings. The view is directed from the
central axis outward and obliquely downward into the cusp space showing the formation of the
outer wall of the structure, that is, the cusp wall layer of the subject cusp. Folding along 517 and
527 acts to position the extension sections 518 and 528 outward of the cusp wall sections 561
and 571, respectively. Completion of folding then will position folds 517 and 527 in an axially
aligned orientation in apposition to each other along their length. Folding along 516 and 526 acts
to position the cusp wall sections 561 and 571 outward of the mobile leaflet sections 519 and
529, respectively. Completion of folding, which radially collapses the folded flattened structure,
positions the cusp wall sections 561 and 571 in apposition to the mobile leaflet sections 519 and
529, respectively. In the final folded configuration the structure embodies the integrated cusp
and leaflet in the open operating position.

In addition, completed folding at 516 and 526 also forms triangular two-layer sections,
562 and 572, respectively, that are designated as “commissure tabs”. These commissure tabs are

bounded by the corner folds 505 and 506, folds 516 and 526, and the free edges 511 and 521 of
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the mobile leaflet sections 519 and 529, respectively. With further reference to Figs. 5D and 5E,
these commissure tabs will be folded at 505 and 506 so as to position both layers of the tabs
outward of the cusp wall sections 561 and 571, respectively, with the folds 505 and 506 oriented
parallel to the central axis of the valve. With regard to a multi-leaflet valve, when the cusp and
leaflet structure is mounted within the frame, this folded commissure tab is aligned along fold
505 in apposition to fold 506 of an adjacent complementary commissure tab of an adjacent
integrated cusp and leaflet structure. Thus mounted, the commissure tabs join the mobile leaflet
layers and the cusp wall layers of adjacent folded cusp and leaflet structures along a line
coincident to both 505 and 506 that forms a common seam for attachment, such as by suturing
of the commissure tabs to each other and to the frame forming the circumferential margin of the
membrane portion of the folded cusp and leaflet structure.

Fig. 5D shows a plan view of the inner (luminal) aspect of the folded integrated cusp and
leaflet structure 530 of template pattern 500. Structure 530 is depicted in a completed state of
folding, excepting that the commissure tabs 562 and 572 are not yet folded outward along fold
lines 505 and 506, respectively. The radially flattened form shown gives the general
configuration and orientation of the membrane segments and sections for the open operating
position of the valve cusp and leaflet.

Still referring to Fig. 5D, at the uppermost (distal) portion of the cusp wall layer, the
extension tabs 512T and 522T are projected above (or distal to) the lines 512 and 522 (shown in
figures 5A and 5B), respectively, that lie in apposition and alignment to the free edges 511 and
521, respectively, of the mobile leaflet layer. A portion or all of these tabs 512T and 522T may
be optionally folded outward along 512 and 522, respectively, around the distal edge of the
frame to lic upon the outer (abluminal) surface of the frame where they may be attached to both
the frame and to the cusp wall sections (where the cusp wall sections are apposed to the inner
surface of the frame) through the interstices of the frame. This optional configuration provides
for increased strength of attachment for bearing downward (proximally directed) operational
loads associated with the valve closing.

Completing the folding associated with template pattern 500 places folds 517 and 527
into axial alignment. Once in axial alignment, apposing folds 517 and 527 are joined along their
axial length to form the seam 532 that closes the generally conical cusp structure with the
extension sections 518 and 528 situated outward of the cusp wall sections 561 and 571,
respectively. The cusp wall sections 561 and 571 are thus disposed outward of the mobile
leaflet sections 519 and 529, respectively, with the cusp wall sections axially and
circumferentially apposed to the inner surfaces of the generally cylindrical frame.

Advantageously, for each valve cusp and leaflet to be mounted within, the frame may contain an
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clement or elements that are axially oriented and span a significant portion of the axial length of
the frame, so as to align with the seam 532 for attachment, such as by suturing to the frame.

Referring now to Fig. 5E, a partial detail perspective view is shown of the commissure
tab 572 configuration of the completely folded integrated cusp and leaflet structure 530,
indicating radially outward folding of the commissure tab 572 along fold line 506.

With reference now to Fig. 5F, a perspective view is shown of the outer (abluminal)
aspect of the completely folded cusp and leaflet structure 530 (except that the triangular
commissure tabs are not yet folded) of template 500 in substantially flattened form. This view is
complementary to Fig. 5D that shows the inner aspect of the same structure 530. The central
seam 532 is seen on the outer face of the cusp wall sections 561 and 571 and is depicted for
purposes of illustration as partly separated with the extension sections 518 and 528 incompletely
flattened and folds 517 and 527 in close, but not in the complete apposition and alignment that
will form the final seam line 532 for attachment to the axially oriented frame members. The
slight separation depicted between folds 517 and 527 exposes the centerpoint of the mobile
leaflet free edge where the mobile leaflet free edge segments 511 and 521 meet as depicted
behind the cusp wall sections 561 and 571, respectively, in this view.

Folded Valve Pattern Variation No. 6

In accordance with at least one embodiment, Fig. 6 shows a plan view of another
template 600 that is similar to template 500 except that the cusp cone wall angle @ exceeds the

45 degrees of the generally rectangular template 500, and that the mobile leaflet sections are

extended by a polygonal or curved extension section 604 of the free edge.
The change in cusp cone wall angle @ also results in changes in the angle relating the

lower (proximal) margins of the template and fold lines 617 and 627 to the center line of the
template in order that when folding is completely executed, the fold lines 617 and 627 and the
seam between them will be parallel to the central axis of the assembled valve. Likewise, the
further geometry of the cusp cone wall angle will result in fold lines (optional) 613 and 623 and
the long axes of extension tabs 612T and 622T being parallel to the transverse axis of the
assembled valve.

The template 600 contains folds 601, 616, 626, 617, 627, optional folds 612 and 622,
corner folds 605 and 606, and cut line 602 that correspond to folds 501, 516, 526, 517, 527,
optional folds 512 and 522, corner folds 505 and 506, and cut line 502, respectively, of template
pattern 500 and are disposed in like manner in folding execution, as are the template sections
and edge segments similarly enumerated.

Folded Valve Pattern Variation No. 7
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Referring now to Figs. 7A-7F, still yet another embodiment of a template pattern is
illustrated. Referring specifically now to Fig. 7A, a plan view of another template 700 is shown
that is similar to template 600, but with a section of the lower (proximal) midline portion of the
template cut away so as to expose the apex 733 of the triangular sections that, when folded, will
form the apex of the cone-shaped cusp. Effectively, the midline portions of the extension
sections 718 and 728 are removed in relation to template 600 to an extent determined by the
desired length of the line segment U-V, which in turn determines the extent to which the apex of
the cone-shaped cusp may be truncated by folding at U-V.

After the cusp and leaflet cone is formed by folding, the apex is folded radially outward
at line U-V (703) to truncate the cone to reduce the overall length of the cusp and leaflet
structure, allowing for increased cusp/sinus volume for a given valve diameter and frame length.

The template 700 contains folds 701, 716, 726, 717, 727, optional folds 712 and 722, and
corner folds 705 and 706, that correspond to folds 601, 616, 626, 617, 627, optional folds 612
and 622, and corner folds 605 and 606, respectively, of template 600 and are disposed in like
manner in folding execution, as are the template sections and edge segments similarly
enumerated.

Fig. 7B shows a perspective view of the inner (luminal) aspect of the initially folded
cusp and leaflet structure 710 of template 700 after initiation of the principal folds 716, 726,
717, 727 and 701. Inward folding along 701 assists in aligning the left and right sections of the
structure, but is not necessary to the formation of the integrated cusp and leaflet folded structure
or to the operation of the valve. The disposition of the folds that converge at the apex 733 of the
cusp can be appreciated as later forming an overlapping two-layer triangular apex as the cusp
wall sections 761 and 771 are folded outward along lines 716 and 726, respectively, so as to
position the cusp wall sections 761 and 771 outward of, and in apposition to, the mobile leaflet
sections 719 and 729, respectively.

Fig. 7C shows a steeply oblique perspective view of the folded integrated cusp and
leaflet 720 at an intermediate stage of completion of the foldings. The view is directed from the
central axis outward and obliquely downward into the cusp space showing the formation of the
outer wall of the structure. Folding along 717 and 727 acts to position the extension sections 718
and 728 outward of the cusp wall sections 761 and 771, respectively. Completion of folding then
will position folds 717 and 727 in an axially aligned orientation in apposition to each other along
their length. Folding along 716 and 726 acts to position the cusp wall sections 761 and 771
outward of the mobile leaflet sections 719 and 729, respectively. Completion of folding, which
radially collapses the folded flattened structure, positions the cusp wall sections 761 and 771 in

apposition to the mobile leaflet sections 719 and 729, respectively. In the final folded
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configuration, the structure embodies the integrated cusp and leaflet in the open operating
position.

With reference to Fig. 7D, completed folding at 716 and 726 also forms triangular two-
layer sections, 762 and 772, respectively, that are designated as “commissure tabs.” These
commissure tabs are bounded by the corner folds 705 and 706, folds 716 and 726, and the free
edges 711 and 721 of the mobile leaflet sections 719 and 729, respectively. With further
reference to Figs. 7D and 7E, these commissure tabs will be folded at 705 and 706 so as to
position both layers of the tabs outward of the cusp wall sections 761 and 771, respectively, with
the folds 705 and 706 oriented parallel to the central axis of the valve. When the integrated cusp
and leaflet structure is mounted within the frame, this folded commissure tab is aligned along
fold 705 in apposition to fold 706 of an adjacent complementary commissure tab of an adjacent
integrated cusp and leaflet structure of a multi-leaflet valve. Thus mounted, the commissure tabs
join the mobile leaflet layers and the cusp wall layers of adjacent folded cusp and leaflet
structures along a line coincident to both 705 and 706 that forms a common seam for
attachment, such as by suturing of the commissure tabs to each other and to the frame forming
the circumferential margin of the membrane portion of the folded cusp and leaflet strucutre.

Fig. 7D shows a perspective view of the inner (luminal) aspect of the partially folded
integrated cusp and valve structure 720 of template 700. Integrated cusp and leaflet structure
720 is depicted in nearly completed state of folding, except that the commissure tabs 762 and
772, as well as the cusp apex 733 are not yet folded outward along fold lines 705, 706 and 703,
respectively, and that the axial seam 732 is not yet formed by the apposition of the folds 717 and
727.

At the uppermost (distal) portion of the cusp wall layer, the extension tabs 712T and
722T are projected above (or distal to) the lines 712 and 722 (shown in Figs. 7A and 7B). All or
a portion of these tabs 712T and 722T may be optionally folded outward along 712 and 722,
respectively, around the distal edge of the frame to lie upon the outer (abluminal) surface of the
frame where they may be attached to both the frame and to the cusp wall sections (apposed to
the inner surface of the frame) through the interstices of the frame. This optional configuration
provides for increased strength of attachment for bearing downward (proximally directed)
operational loads associated with the valve closing.

Completing the folding associated with template pattern 700 places folds 717 and 727
into axial alignment. Once in axial alignment, apposing folds 717 and 727 are joined along their
axial length to form the seam 732 that closes the generally conical cusp structure with the
extension sections 718 and 728 situated outward of the cusp wall sections 761 and 771,

respectively. The cusp wall sections 761 and 771 then are disposed outward of the mobile
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leaflet sections 719 and 729, respectively, with the cusp wall sections axially and
circumferentially apposed to the inner surfaces of the generally cylindrical frame.
Advantageously, for each integrated cusp and folded leaflet structure to be mounted within, the
frame may contain an element or elements that are axially oriented and span a significant portion
of the axial length of the frame, so as to align with the seam 732 for attachment as by suturing to
the frame.

Fig. 7E shows a shallow oblique top perspective view of the outer (abluminal) aspect of
the partially folded cusp and leaflet structure 720 of template 700 (except that the triangular
commissure tabs 762 and 772 and apex 733 are not yet folded and that the axial seam 732 is not
yet joined). This view is complementary to Fig. 7D that shows the inner aspect of the same
structure 720. The central secam 732 will be formed on the outer face of the cusp wall sections
761 and 771 as folds 717 and 727 are brought together into apposition along the midline, with
the extension sections 718 and 728 thus also aligned. The outward (abluminal) face of the
mobile leaflet sections 719 and 729 are shown between the yet separated folds 717 and 727
before closure of the generally conical cusp along the outer seam 732.

Fig. 7F shows a plan view of the inner (luminal) aspect of the folded integrated cusp and
leaflet structure 720 of template pattern 700. Structure 720 is depicted in a completed state of
folding, excepting that the commissure tabs 762 and 772 are not yet folded outward along fold
lines 705 and 706, respectively. In addition, the apex 733 is not folded outward. The radially
flattened form shown gives the general configuration and orientation of the membrane line
segments and areal sections for the open operating position of the valve cusp and leaflet.

At the uppermost (distal) portion of the cusp wall layer, the extension tabs 712T and
722T are projected above (distal to) the lines 712 and 722 (shown in Figs. 7A, 7B and 7G),
respectively, below (proximal to) which the cusp wall sections 761 and 771 lie in radial
apposition to the mobile leaflet sections 719 and 729, respectively, of the mobile leaflet layer.
These tabs 712T and 722T may be optionally folded outward along 712 and 722, respectively,
around the distal edge of the frame to lie upon the outer (abluminal) surface of the frame where
they may be attached to both the frame and to the cusp wall sections (apposed to the inner
surface of the frame) through the interstices of the frame. This optional configuration provides
for increased strength of attachment for bearing downward (proximally directed) loads of valve
closing.

Folding of the template positions folds 717 and 727 into axial alignment, joined along
their axial length to form the seam that closes the generally conical cusp structure with the
extension sections 718 and 728 reflected outward of the cusp wall sections 761 and 771,

respectively. The cusp wall sections 761 and 771 then are disposed outward of the mobile leaflet
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sections 719 and 729, respectively, with the cusp wall sections 761 and 771 axially and

circumferentially apposed to the inner surfaces of the generally cylindrical frame.
Advantageously, for each valve cusp and leaflet folded structure to be mounted within, the frame
may contain an element or elements that are axially oriented and span a significant portion of the
axial length of the frame, so as to align with the seam 732 for attachment as by suturing to the
frame.

Fig. 7G shows a perspective view of the outer (abluminal) aspect of the completely
folded cusp and leaflet structure 720 (except that the triangular commissure tabs 762 and 772
and apex 733 are not yet folded) of template 700, in nearly flattened form. This view is
complementary to Fig. 7F that shows the inner aspect of the same structure 720. The central
seam 732 is seen on the outer face of the cusp wall sections 761 and 771 and is depicted for
purposes of illustration as minimally separated with the extension sections 718 and 728
incompletely flattened and folds 717 and 727 in effectively complete apposition and alignment
that forms the final seam line 732 for attachment to the axially oriented frame members. The
slight separation depicted between folds 717 and 727 exposes the centerpoint between the
mobile leaflet free edge segments 711 and 721 depicted behind the cusp wall sections 761 and
771, respectively, in this view.

Fig. 7H shows a plan view of the inner aspect of the completely folded integrated cusp
and leaflet structure 730 of template 700. This view is substantially that of Fig. 7F except that
the triangular commissure tabs 762 and 772 are folded radially outward of the cusp wall sections
761 and 771 along corner folds 705 and 706, respectively. Additionally, the apex (most
proximal) portion of the cone-shaped cusp is folded radially outward along the fold line 703
(between points U and V) to the position radially outward of the joined extension sections 718
and 728 such that the apex point 733 then lies upon the seam line 732.

Fig. 71 shows a plan view of the radially outer aspect of the completely folded integrated
cusp and leaflet structure 730 of template 700. The outwardly folded position of the triangular
commissure tabs 762 and 772 can be seen so that they lie in apposition to the outer surface of the
cusp wall sections 761 and 771, respectively. While they may attached in this position to the
underlying cusp wall layer and to the frame, alternatively, the commissure tabs 762 and 772 may
be positioned to point radially outward (out of the page in this view) to pass through a slot or
space in the frame to be secured and attached to the outer (abluminal) surface of the frame.

Additionally, the apex (most proximal) portion of the cone-shaped cusp is folded radially
outward along the fold line 703 (between points U and V) to the position radially outward of the
joined extension sections 718 and 728 such that the apex point 733 then lies upon the seam line

732.
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The apex portion of the cone-shaped cusp thus configured is to be attached in this
position as by suturing and may be similarly attached into this position in the act of attaching or
suturing this portion of the folded cusp and leaflet structure to the frame.

Fig. 7] shows an oblique top perspective view of the completely folded and formed cusp
and leaflet structure 730 with the view directed radially outward and downward (proximal). The
cusp and leaflet structure is shown with the free edge of the mobile leaflet layer in the inward
central position corresponding to the substantially closed operating position of the valve leaflet.

The commissure tabs 762 and 772 are depicted in radially aligned positions directed
outward as would be required for passing them through slots or spaces in a suitably designed
frame.

Fig. 7K shows a top perspective view of the single-piece completely folded and formed
cusp and leaflet structure 730 with the view directed downward (proximal) into the cusp space.
The cusp and leaflet structure is shown with the free edge of the mobile leaflet layer sections
719 and 729 in the intermediate inward position corresponding to the partially closed operating
position of the valve leaflet.

The membrane structure is depicted with the free edges in a relaxed state corresponding
to the typical behavior of tissue membranes when hydrated as when implanted in the body.

The commissure tabs 762 and 772 are depicted in radially aligned positions directed
outward as would be required for passing them through slots or spaces in a suitably designed
frame.

Metal Lattice Frame

Fig. 8A is an oblique top perspective view of a metal lattice frame 910 for mounting
three of the single-piece folded integrated cusp and leaflet structures of the ensuing description
in order to form a three-leaflet valve. The frame comprises a plurality of strut members 911 and
three axially oriented mounting bars 912 each with holes and/or slots for passing suture and/or
portions of the folded membrane structure. Each mounting bar 912 is to align with and attach to
the axial outer seam of one single-piece completely folded and formed cusp and leaflet structure
730. The diameter D of the open frame, ¢.g., 19 — 35 mm naturally defines the deployed and
operating diameter of the valve assembly after implantation in the body. The strut members 911
are of specific length and orientation to permit radial collapse and compression of the frame to a
small diameter, e.g., 3-7 mm. The mounting bars 912 are near to equally spaced around the
circumferential course of the frame and the length L of the arc from the center of the mounting
bar 912 to the center of the closest mounting bar 912 is approximately equal to (pi x D)/3. Thus
defined, L also defines the transverse circumferential distance between folds 705 and 706 ,

approximating the circumferential extent of the portions of the joined cusp wall sections 761 and
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771 extending between 705 and 706 of the folded cusp and leaflet structure of appropriate size

when mounted within the frame 910.

Fig. 8B shows a side perspective view of the frame 910 with the view centered on the
axial mounting bar 912. The axial bars are shown with holes and/or slots for passing suture
and/or portions of the folded membrane structure to enable secure mounting of the folded cusp
and leaflet structure within the frame.

Fig. 8C shows a side view of the frame of Fig. 8B with a superimposed plan view of the
radially outer aspect of the completely folded integrated cusp and leaflet structure as depicted in
Fig. 71. The cusp wall seam 732 is aligned upon the inner surface of the mounting bar of the
frame and attached by sutures in this example. (Example suture locations are shown in Figs. 8C,
9C and 9D shown with an “x”; however, it is to be understood that the locations shown are
exemplary and not limiting.) As those skilled in the art will appreciate, means other than sutures
for attaching folded integrated cusp and leaflet structure to the frame can be used.

The commissure tabs 762 and 772 are folded flat against the outer surface of the cusp
wall layer along corner folds 705 and 706 for mounting entirely within the frame 910. Each fold
705 then forms an axially oriented seam along its length with the complementary fold 706 of the
adjacent folded cusp and leaflet structure 730. (Adjacent complementary commissure tabs
omitted for clarity.) Said seam is closed and attached by suture, for example, while also
attaching to the radially overlying strut member 911 of the frame 910, and thereby affixes the
distal margins of the cusp wall sections 761 and 771 and the mobile leaflet sections (obverse of
this view) to the frame 910. The other suture points depicted attach only the cusp wall layer
761+771 to the overlying frame strut members 911. At no point within the interior operating
volume of the valve is the mobile leaflet layer 719+729 penetrated by suture. This uninterrupted
continuity of the operating leaflet material afforded by the folded design of the integrated cusp
and leaflet structure endows the valve and its leaflets with strength, durability and resistance to
stress damage at suture holes.

Fig. 8D shows an oblique axial (top/distal) perspective view of the assembled three-
leaflet valve comprising the frame 910 and three identical folded integrated cusp and leaflet
structures 730A, 730B and 730C attached within the frame with the view centered on an axial
mounting bar 912A. The suture attachments are omitted for clarity. The cusp and leaflet
structure 730A nearest in view is seen within the frame 910, with the outer aspect of the seam
732A, cuff wall extension sections 718A and 728A, and cusp wall sections 761A and 771A
viewed through the interspaces of the frame 910. The seam 732A is aligned to the overlying
axial mounting bar 912A to which it is attached along its length. The inner (luminal) aspect of

the seams 732B and 732C and the cusp wall sections 761B, 771B, 761C and 771C of the other
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two folded cusp and leaflet structures 730B and 730C, respectively are seen on the far side of the
view. The adjoined folded edges of the membrane portions of the commissure tabs 772B and
762C are shown in the far view in position opposite to the axial mounting bar 912A in the near
view. The radially outward surface of the mobile leaflet sections 719A and 729A of the folded
cusp and leaflet structure 730A 1is shown in the near view. The distal free edges of all three
mobile leaflets are shown in the centrally apposed (coapted) position corresponding to the closed
operating position of the valve. Fig. 8D also shows in that aspect interior to the cusps, folds
726B of cusp and leaflet structure 730B and 716C of cusp and leaflet structure 730C as they
form the lower (proximal) boundary of the valve cusps.

Slotted Lattice Frame

Fig. 9A shows an oblique axial (top/distal) perspective view of a frame 920 of a design
to receive the commissure tabs 762 and 772 through slots 924 in slotted members 923 in order
that the tabs are secured and attached to the outer (abluminal) aspect of the frame. This approach
to mounting and attaching the commissure tabs enables the loading forces on the leaflet
commissures during valve operation to be advantageously distributed upon the frame slotted
members 923 along their length rather than upon suture that directly tethers the leaflets, thus
greatly reducing the risk of tearing of the material at points of suture penetration. The frame
further comprises axial mounting bars 922 for mounting the central seams 732 joining the cusp
wall sections 761 and 771 along folds 717 and 727. The frame further comprises a plurality of
strut members 921 that otherwise form the metal lattice of the frame.

Each mounting bar 922 is to align with and attach to the axial outer seam of one single-
piece completely folded and formed cusp and leaflet structure 730. The inner diameter D of the
open frame, e.g., 19 — 35 mm naturally defines the deployed and operating diameter of the valve
assembly after implantation in the body. The strut members 921 are of specific length and
orientation to permit radial collapse and compression of the frame to a small diameter, ¢.g., 3-7
mm. The mounting bars 922 are near to equally spaced around the inner circumferential course
of the frame. The length L of the arc along the inner circumference of the frame from the center
of the mounting bar 922 to the center of the closest mounting bar 922 is approximately equal to
(p1 x D)/3. Thus defined, L also defines the transverse circumferential distance between folds
705 and 706 , approximating the circumferential extent of the portions of the joined cusp wall
sections 761 and 771 extending between 705 and 706 of the folded cusp and leaflet structure of
appropriate size when mounted within the frame 920.

The axial mounting bars 922 optionally contain holes and/or slots to facilitate suture
attachment of the folded integrated cusp and leaflet structures 730. The frame is depicted in

Figs. 9A-9E as having axial mounting bars 922 cach with a hole near the proximal end to
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facilitate suture attachment of the apical (most proximal) portion of the folded cusp and leaflet
structure.

Fig. 9B shows the metal lattice frame of Fig. 9A in the same perspective, but with the
view centered on the slotted frame member 923.

Fig. 9C shows a side perspective view of the frame 920 centered on the axial mounting
bar 922 with a superimposed plan view of the outer aspect of the completely folded integrated
cusp and leaflet structure 730 (of Fig. 71) as mounted within the frame 920 to demonstrate the
relationships between the two. An example suture pattern for attachment is shown. The cusp
wall seam 732 is aligned upon the inner surface of the mounting bar 922 of the frame 920 and
attached by sutures in this example.

The commissure tabs 762 and 772 are to be understood as having been passed through
the frame slots 924 from within the central space of the frame to the outer (abluminal) side and
folded along 705 and 706, respectively onto the outer surface of the cusp and leaflet structure
where they are attached along their common length both to the frame members 923 and, through
the interspaces of the frame 920, to the radially underlying outer aspect of the cusp wall sections
761 and 771, respectively. The adjacent cusp and leaflet structures of the three-leaflet valve are
not shown for clarity. The joining of adjacent commissure tabs at the slotted members 923 is
demonstrated in Fig. 9D.

At the apical (most proximal) extent of the completely folded integrated cusp and leaflet
structure 730, the apical portion folded radially outward along fold 703 is attached to the lower
(most proximal) end of the axial mounting bar 922. When present, a hole near the end of the
axial mounting bar 922 facilitates suture attachment at this point.

Fig. 9D shows a side perspective view of the frame 920 centered on the slotted frame
member 923AB with a superimposed perspective view of the outer aspect of two
circumferentially adjacent completely folded integrated cusp and leaflet structures 730A and
730B (of Fig. 71) to demonstrate their relationships as mounted within the frame 920. An
example suture pattern for attachment is shown. Suture attachment of the commissure folds 705
and 706 at the level of the slot is notably absent. Rather, attachment of the bodies of the
commissure tabs 762A and 772B to the outer aspect of the frame at points removed from the
free edges and folds of the material avoids suture penetration along the lines of traction in the
slot and enhances the resistance of the structure to tearing at such suture attachments. The cusp
wall secams 732A and 732B are aligned upon the inner surface of the mounting bars 922A and
922B, respectively of the frame 920 and attached by sutures in this example.

The commissure tabs 762A and 772B are to be understood as having been passed

through the frame slot 924 from within the central space of the frame to the outer (abluminal)
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side and folded along 705A and 706B, respectively onto the outer surface of the cusp and leaflet

structure where they are attached along their common length both to the frame member 923AB
and, through the interspaces of the frame 920, to the radially underlying outer aspect of the cusp
wall sections 761 A and 771B, respectively.

Fig. 9E shows an oblique axial (top/distal) perspective view of the assembled three-
leaflet valve comprising the frame 920 and three identical folded integrated cusp and leaflet
structures 730A, 730B and 730C attached principally within the central space of the frame, but
with the commissure tabs passed in complementary adjacent left-right pairs, 762A-772B, 762B-
772C and 762C-772A, through the slots 924AB, 924BC and 924CA, of slotted frame members
923AB, 923BC, and 923CA, respectively. The view is centered on slotted member 923AB. The
suture attachments are omitted for clarity.

The cusp and leaflet structure 730C farthest in view is seen within the frame 920, with
the inner aspect of the secam 732C and cusp wall sections 761C and 771C in the far view. The
cuff wall extension sections 718C and 728C are depicted as folded onto the outer aspect of the
cusp wall sections 761C and 771C, respectively, but within the central space of the frame 920
and apposed to the inner surface of the frame. The inner (luminal) aspect of the seam 732C is
shown aligned to the outwardly overlying axial mounting bar 922C to which it is attached along
its length. The outer (abluminal) aspect of the top (most distal) portions of the secams 732A and
732B and the cusp wall sections 761A and 771B, of the other two folded cusp and leaflet
structures 730A and 730B are also shown through the interspaces of the frame on either side of
the near view.

The commissure tabs 762A and 772B, aligned and apposed along folds 705A and 706B,
respectively are shown centered in the near view in position opposite to the axial mounting bar
922C and cusp wall seam 732C in the far view. The key mounting configuration of the valve
commissures to the slotted frame members is here demonstrated. The triangular commissure tabs
are formed as a result of the folding of the membrane template along folds 716 and 726, and are
comprised of overlapping layers of the cusp wall section and the mobile leaflet section. Thus,
with passage of the commissure tabs from within the interior space of the frame through the
frame slots, both the cusp wall layer and the mobile leaflet layer are carried together to the outer
aspect of the frame where they are attached. In addition, the interior aspect of the commissure
folds 706A of cusp and leaflet structure 730A and 705B of cusp and leaflet structure 730B are
shown where they mark the segment at which the commissure tabs 772A and 762B are passed
through the frame slots 924CA and 924BC of slotted members 923CA and 923BC, respectively,

and are tethered thereto.
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The radially outward surface of the mobile leaflet sections 719A, 729A of the folded

cusp and leaflet structure 730A and sections 719B, 729B of the folded cusp and leaflet structure
730B are shown on the left and right sides, respectively of the near view. (These labels omitted
for clarity.)

The distal free edges of all three mobile leaflets are shown in the centrally apposed
(coapted) position corresponding to the closed operating position of the valve. Fig. 9E also
shows in that aspect interior to the cusps, a portion of folds 726A of cusp and leaflet structure
730A and 716B of cusp and leaflet structure 730B as they form the lower (proximal) boundary
of the valve cusps.

The template examples disclosed herein are provided for enablement purposes and shall
not be interpreted as limiting the scope of the claims. For example, angular values shown and/or
described herein are not to be interpreted as limiting the scope of a claim unless included in a
given claim.

As those skilled in the art will appreciate, circumference length varies with the diameter
circumscribed therein. Accordingly, refinements in the valve manufacturing process may
address adjusting the length of the leaflet free edge to be slightly less than the edge length of the
cusp wall, i.e., less than the circumferential arc length between the commissures. This
adjustment depends upon the dimensions of a given valve in production, as well as the
dimensions of the given valve’s component elements.

In still other embodiments of the one or more present inventions, the percutancously
deliverable heart valve may include various other configurations by using different variations of
the polygon pattern, so as to include, for example, an inner sealing cuff for the valve that is
continuous and integral with the leaflet structure itself. In yet other embodiments, the
percutancously deliverable heart valve may include different configurations by adjusting the
pattern and folding technique, such as the angle of the cone and its surface area, or the extent of
apposition between the leaflets may also be specified.

The present invention may be embodied in other specific forms without departing from
its spirit or essential characteristics. The described embodiments are to be considered in all
respects only as illustrative and not restrictive. The scope of the invention is, therefore,
indicated by the appended claims rather than by the foregoing description. All changes which
come within the meaning and range of equivalency of the claims are to be embraced within their
scope.

The one or more present inventions, in various embodiments, include components,
methods, processes, systems and/or apparatus substantially as depicted and described herein,

including various embodiments, subcombinations, and subsets thercof. Those of skill in the art
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will understand how to make and use the present invention after understanding the present
disclosure.

The present invention, in various embodiments, includes providing devices and
processes in the absence of items not depicted and/or described herein or in various
embodiments hereof, including in the absence of such items as may have been used in previous
devices or processes (e.g., for improving performance, achieving ease and/or reducing cost of
implementation).

The foregoing discussion of the invention has been presented for purposes of illustration
and description. The foregoing is not intended to limit the invention to the form or forms
disclosed herein. In the foregoing Detailed Description for example, various features of the
invention are grouped together in one or more embodiments for the purpose of streamlining the
disclosure. This method of disclosure is not to be interpreted as reflecting an intention that the
claimed invention requires more features than are expressly recited in each claim. Rather, as the
following claims reflect, inventive aspects lie in less than all features of a single foregoing
disclosed embodiment. Thus, the following claims are hereby incorporated into this Detailed
Description, with each claim standing on its own as a separate preferred embodiment of the
invention.

Moreover, though the description of the invention has included description of one or
more embodiments and certain variations and modifications, other variations and modifications
are within the scope of the invention (e.g., as may be within the skill and knowledge of those in
the art, after understanding the present disclosure). It is intended to obtain rights which include
alternative embodiments to the extent permitted, including alternate, interchangeable and/or
equivalent structures, functions, ranges or steps to those claimed, whether or not such alternate,
interchangeable and/or equivalent structures, functions, ranges or steps are disclosed herein, and

without intending to publicly dedicate any patentable subject matter.
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CLAIMS

1. A transcatheter, implantable, prosthetic heart valve, comprising:

a lattice frame; and

two or more integrated cusp and leaflet folded structures attached to the lattice frame, the
two or more integrated cusp and leaflet folded structures each comprising a flat sheet of
biocompatible membrane that has been folded to include a mobile leaflet section and a cusp wall
section, wherein non-transverse diagonally oriented folds that are angled relative to an axial flow
direction are located between the mobile leaflet section and the cusp wall section, wherein the
cusp wall section is located radially outside of the mobile leaflet section, and wherein the cusp

wall section includes a seam that joins apposing sides of the cusp wall section.

2. The transcatheter, implantable, prosthetic heart valve of Claim 1, wherein the two
or more integrated cusp and leaflet folded structures are each attached along their respective

seams to the lattice frame.

3. The transcatheter implantable, prosthetic heart valve of Claim 2, wherein the

seams are oriented in a direction substantially parallel to an axis of the lattice frame.

4. The transcatheter implantable, prosthetic heart valve of Claim 1, wherein the flat
sheet of biocompatible membrane forming at least one integrated cusp and leaflet folded
structure of the two or more integrated cusp and leaflet folded structures comprises two or more

pieces of biocompatible membrane material.

5. A transcatheter, implantable, prosthetic heart valve, comprising:

a lattice frame; and

two or more integrated cusp and leaflet folded structures attached to the lattice frame, the
two or more integrated cusp and leaflet folded structures each comprising a flat sheet of a

biocompatible membrane that has been folded along non-transverse diagonal folds that are
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angled relative to an axial flow direction, wherein the folded biocompatible membrane includes a

valve cusp according to a flat folding pattern.

6. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein two
distal, downstream, vertices of each of the two or more integrated cusp and leaflet folded
structures have been folded over at vertex folds in a radially outward direction and fixed to the
lattice frame such that the vertex folds of circumferentially adjacent leaflets are adjacent and

define a degree of leaflet apposition at points corresponding to leaflet commissures.

7. The transcatheter, implantable, prosthetic heart valve of Claim 6, wherein the two
distal, downstream, vertices are fixed to the lattice frame by attachment not along an alignment

with the vertex folds.

8. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein a vertex
forming a proximal, upstream, tip of the valve cusp has been folded over in a radially outward

direction and attached to the lattice frame.

9. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein the flat
folding pattern is polygonal and includes extending portions that extend along a circumferential

course to form an integral, inner, luminal, circumferentially complete sealing cuff.

10. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein the flat
folding pattern is polygonal and includes extending portions that extend along a circumferential
course to form a circumferentially incomplete sealing cuff portion associated with each valve

cusp.
11. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein a

separate tubular cuff of biocompatible membrane has been attached to an outer, abluminal

surface of the lattice frame to form a sealing cuff.
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12. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein the
lattice frame is collapsible and expandable and comprises a metal alloy substantially configured

as a tubular stent member.

13. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein the

biocompatible membrane comprises processed mammalian pericardium tissue.

14. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein the

biocompatible membrane does not comprise a treated tissue.

15. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein the

biocompatible membrane comprises a synthetic material.

16. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein the two
or more integrated cusp and leaflet folded structures are each further attached to a portion of the

lattice frame along at least a portion of their distal downstream edges.

17. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein each of
the two or more integrated cusp and leaflet folded structures are attached to the lattice frame at
least at a seam circumferentially not coincident with a valve commissure, and wherein each seam

is aligned substantially parallel to an axis of the lattice frame.

18. In subcombination, an integrated cusp and leaflet structure for attachment to a
lattice frame to form a valve configured for implantation in a vascular system of a patient, the
integrated cusp and leaflet structure comprising:

a flat sheet of a biocompatible membrane that has been folded to include a mobile leaflet
section and a cusp wall section, wherein non-transverse diagonally oriented folds angled relative
to an axial flow direction are located between the mobile leaflet section and the cusp wall

section, wherein the cusp wall section is divided along a seam, and wherein the mobile leaflet
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section is continuous with the cusp wall section and apposes the cusp wall section when the

mobile leaflet section is in a position corresponding to an open operating configuration.

19. The subcombination of Claim 18, wherein the mobile leaflet section and the cusp
wall section of the integrated cusp and leaflet structure are a continuous portion of a single piece

of biocompatible membrane.

20. The subcombination of Claim 18, wherein the biocompatible membrane

comprises processed mammalian pericardium tissue.

21. The subcombination of Claim 18, wherein the biocompatible membrane does not

comprise a treated tissue.

22. The subcombination of Claim 18, wherein the biocompatible membrane

comprises a synthetic material.

23. The subcombination of Claim 18, wherein the integrated cusp and leaflet structure

further comprises at least one commissure tab.

24. The subcombination of Claim 23, wherein the at least one commissure tab is

configured for engaging a slot within a member of the lattice frame.

25. The transcatheter, implantable, prosthetic heart valve of Claim 1, wherein the
apposing sides of the cusp wall section include a left cusp wall portion and a right cusp wall
portion, wherein a left cuff wall portion is continuous with the left cusp wall portion, and

wherein a right cuff wall portion is continuous with the right cusp wall portion.

26. The transcatheter, implantable, prosthetic heart valve of Claim 25, wherein the

left cuff wall portion and the right cuff wall portion of each of the two or more integrated cusp
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and leaflet folded structures are joined at the seam of each of the two or more integrated cusp and

leaflet folded structures.

27. The transcatheter, implantable, prosthetic heart valve of Claim 25, wherein the
left cuff wall portion and the right cuff wall portion reside radially exterior to the cusp wall

section and the mobile leaflet section.

28. The transcatheter, implantable, prosthetic heart valve of Claim 25, wherein the

left cuff wall portion and the right cuff wall portion reside radially interior of the lattice frame.

29. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein each
valve cusp of the two or more integrated cusp and leaflet folded structures comprise apposing

sides that are joined along a seam.

30. The transcatheter, implantable, prosthetic heart valve of Claim 29, wherein the
two or more integrated cusp and leaflet folded structures are each attached along their respective

seams to the lattice frame in a direction substantially parallel to an axis of the lattice frame.

31. The subcombination of Claim 18, wherein the mobile leaflet section substantially

matches a size of the cusp wall section.

32. The subcombination of Claim 18, wherein the mobile leaflet section includes a
left mobile leaflet portion and a right mobile leaflet portion, wherein the cusp wall section
includes a left cusp wall portion and a right cusp wall portion, and wherein the left mobile leaflet
portion apposes the left cusp wall portion and the right mobile leaflet portion apposes the right

cusp wall portion.

33. The subcombination of Claim 32, wherein each of the left mobile leaflet portion,
right mobile leaflet portion, left cusp wall portion and right cusp wall portion are triangular in

shape.
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34, A transcatheter, implantable, prosthetic heart valve, comprising:

a lattice frame; and

two or more integrated cusp and leaflet folded structures attached to the lattice frame, the
two or more integrated cusp and leaflet folded structures each comprising a flat sheet of a
biocompatible membrane that has been folded to include a valve cusp according to a flat folding
pattern, wherein non-transverse diagonally oriented folds angled relative to an axial flow
direction are located between a mobile leaflet section and a cusp wall section of each of the
integrated cusp and leaflet folded structures, and wherein the flat folding pattern is polygonal and
includes extending portions that extend along a circumferential course from the valve cusp and

form at least a portion of an integral, inner, luminal, sealing cuff.

35. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein the

integral, inner, luminal, sealing cuff is circumferentially complete.

36. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein the

integral, inner, luminal, sealing cuff is circumferentially incomplete.

37. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein each

valve cusp is divided along a seam that joins apposing sides of the valve cusp.

38. The transcatheter, implantable, prosthetic heart valve of Claim 37, wherein the
seam of each of the two or more integrated cusp and leaflet folded structures are each oriented

substantially parallel to an axis of the lattice frame.

39. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein a
vertex forming a proximal, upstream, tip of the valve cusp has been folded over in a radially

outward direction and attached to the lattice frame.

40. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein the
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lattice frame is collapsible and expandable and comprises a metal alloy substantially configured

as a tubular stent member.

41. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein the

biocompatible membrane comprises processed mammalian pericardium tissue.

42. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein the

biocompatible membrane does not comprise a treated tissue.

43. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein the

biocompatible membrane comprises a synthetic material.

44, The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein the
two or more integrated cusp and leaflet folded structures are attached to a portion of the lattice

frame along a distal outflow portion of the lattice frame.

45. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein each
of the two or more integrated cusp and leaflet folded structures are attached to the lattice frame at
least at a seam circumferentially not coincident with a valve commissure, and wherein each seam

is aligned substantially parallel to an axis of the lattice frame.

46. A transcatheter, implantable, prosthetic heart valve, comprising:

a lattice frame; and

two or more integrated cusp and leaflet folded structures attached to the lattice frame, the
two or more integrated cusp and leaflet folded structures each comprising a flat sheet of
biocompatible membrane that has been folded to include a mobile leaflet section, a cusp wall
section and a cuff wall section, wherein non-transverse diagonally oriented folds angled relative
to an axial flow direction are located between the mobile leaflet section and the cusp wall
section, wherein the mobile leaflet section apposes and substantially directly overlaps the cusp

wall section, wherein the cuff wall section resides radially exterior to the cusp wall section and
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the mobile leaflet section, and wherein the cuff wall section resides adjacent a portion of a

surface of the lattice frame.

47. The transcatheter, implantable, prosthetic heart valve of Claim 46, wherein the

portion of the surface of the lattice frame is an interior surface of the lattice frame.

48. The transcatheter, implantable, prosthetic heart valve of Claim 46, wherein the
two or more integrated cusp and leaflet folded structures each include a seam along apposing

sides of the cusp wall section.

49. The transcatheter, implantable, prosthetic heart valve of Claim 48, wherein the
seams of the two or more integrated cusp and leaflet folded structures are each oriented

substantially parallel to an axis of the lattice frame.

50. The transcatheter, implantable, prosthetic heart valve of Claim 46, wherein a
vertex forming a proximal, upstream, tip of the mobile leaflet section is folded over in a radially

outward direction and attached to the lattice frame.

51. The transcatheter, implantable, prosthetic heart valve of Claim 46, wherein the
lattice frame is collapsible and expandable and comprises a metal alloy substantially configured

as a tubular stent member.

52. The transcatheter, implantable, prosthetic heart valve of Claim 46, wherein the

biocompatible membrane comprises processed mammalian pericardium tissue.

53. The transcatheter, implantable, prosthetic heart valve of Claim 46, wherein the

biocompatible membrane does not comprise a treated tissue.

54. The transcatheter, implantable, prosthetic heart valve of Claim 46, wherein the

biocompatible membrane comprises a synthetic material.
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55. A vascular system implant, comprising:

a lattice frame; and

a plurality of substantially conical shaped cusps attached to the lattice frame, wherein
each of the plurality of substantially conical shaped cusps includes a biocompatible membrane,
and wherein each of the plurality of substantially conical shaped cusps include non-transverse

diagonally oriented folds that are angled relative to an axial flow direction.

56. The vascular system implant of Claim 55, wherein the lattice frame is collapsible

and expandable and comprises a metal alloy substantially configured as a tubular stent member.

57. The vascular system implant of Claim 55, wherein the biocompatible membrane

comprises processed mammalian pericardium tissue.

58. The vascular system implant of Claim 55, wherein the biocompatible membrane

does not comprise a treated tissue.

59. The vascular system implant of Claim 55, wherein the biocompatible membrane

comprises a synthetic material.

60. A vascular system implant, comprising:

a lattice frame; and

a plurality of non-rectangular polygonal mobile leaflets attached to the lattice frame,
wherein each of the plurality of non-rectangular polygonal mobile leaflets includes a
biocompatible membrane, and wherein each of the plurality of non-rectangular polygonal mobile
leaflets are bordered by non-transverse diagonally oriented folds that are angled relative to an

axial flow direction.

61. The vascular system implant of Claim 60, wherein each of the plurality of non-

rectangular polygonal mobile leaflets is attached in a continuous manner to a corresponding cusp
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wall located radially exterior to each of the plurality of non-rectangular polygonal mobile

leaflets.

62.  The vascular system implant of Claim 61, further comprising a cuff wall attached
to the lattice frame, wherein the cuff wall is located radially exterior to each of the plurality of

non-rectangular polygonal mobile leaflets and to the corresponding cusp wall.

63. The vascular system implant of Claim 60, wherein the lattice frame is collapsible

and expandable and comprises a metal alloy substantially configured as a tubular stent member.

64. The vascular system implant of Claim 60, wherein the biocompatible membrane

comprises processed mammalian pericardium tissue.

65. The vascular system implant of Claim 60, wherein the biocompatible membrane

does not comprise a treated tissue.

66. The vascular system implant of Claim 60, wherein the biocompatible membrane

comprises a synthetic material.

67. A vascular system implant, comprising:

a lattice frame; and

at least two folded biocompatible membrane sheets attached to the lattice frame, wherein
each of the at least two folded biocompatible membrane sheets has been formed to include a non-
rectangular polygonal mobile leaflet, wherein each of the non-rectangular polygonal mobile
leaflets include non-transverse diagonally oriented folds that are angled relative to an axial flow

direction.

68. The vascular system implant of Claim 67, wherein each of the at least two folded
biocompatible membrane sheets comprises two or more pieces of biocompatible membrane

material.
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69. The vascular system implant of Claim 67, wherein the lattice frame is collapsible

and expandable and comprises a metal alloy substantially configured as a tubular stent member.

70. The vascular system implant of Claim 67, wherein the at least two folded

biocompatible membrane sheets comprise processed mammalian pericardium tissue.

71. The vascular system implant of Claim 67, wherein the at least two folded

biocompatible membrane sheets do not comprise a treated tissue.

72. The vascular system implant of Claim 67, wherein the at least two folded

biocompatible membrane sheets comprise a synthetic material.

73. The transcatheter, implantable, prosthetic heart valve of Claim 1, wherein the
non-transverse diagonally oriented folds are angled at between about 10 to 80 degrees from the

axial flow direction.

74. The transcatheter, implantable, prosthetic heart valve of Claim 5, wherein the
non-transverse diagonal folds are angled at between about 10 to 80 degrees from the axial flow

direction.

75. The subcombination of Claim 18, wherein the non-transverse diagonally oriented

folds are angled at between about 10 to 80 degrees from the axial flow direction.
76. The transcatheter, implantable, prosthetic heart valve of Claim 34, wherein the

non-transverse diagonally oriented folds are angled at between about 10 to 80 degrees from the

axial flow direction.
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77. The transcatheter, implantable, prosthetic heart valve of Claim 46, wherein the
non-transverse diagonally oriented folds are angled at between about 10 to 80 degrees from the

axial flow direction.

78. The vascular system implant of Claim 55, wherein the non-transverse diagonally

oriented folds are angled at between about 10 to 80 degrees from the axial flow direction.

79. The vascular system implant of Claim 60, wherein the non-transverse diagonally

oriented folds are angled at between about 10 to 80 degrees from the axial flow direction.

80. The vascular system implant of Claim 67, wherein the non-transverse diagonally

oriented folds are angled at between about 10 to 80 degrees from the axial flow direction.

81. The transcatheter, implantable, prosthetic heart valve of Claim 1, wherein a vertex
forming a proximal, upstream, tip of the mobile leaflet section has been folded over in a radially

outward direction and attached to the lattice frame.

82.  The subcombination of Claim 18, wherein a vertex forming a proximal, upstream,
tip of the mobile leaflet section has been folded over in a radially outward direction and attached

to the lattice frame.

83.  The vascular system implant of Claim 55, wherein each of the plurality of conical
shaped cusps incudes a vertex forming a proximal, upstream, tip that has been folded over in a

radially outward direction and attached to the lattice frame.
84. The vascular system implant of Claim 62, wherein each of the plurality of non-

rectangular polygonal mobile leaflets includes a vertex forming a proximal, upstream, tip that

has been folded over in a radially outward direction and attached to the lattice frame.
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85. The vascular system implant of Claim 67, wherein each of the non-rectangular
polygonal mobile leaflets includes a vertex forming a proximal, upstream, tip that has been

folded over in a radially outward direction and attached to the lattice frame.

86. A transcatheter, implantable, prosthetic heart valve, comprising:

a lattice frame; and

two or more integrated cusp and leaflet structures attached to the lattice frame, the two or
more integrated cusp and leaflet structures each comprising a flat sheet of biocompatible
membrane that is folded to include a mobile leaflet layer and a cusp wall layer, wherein with the
mobile leaflet layer in a position corresponding to a closed operating configuration of the valve a
transverse cross-sectional area of a cusp-sinus space decreases monotonically from a distal end

to a proximal end of the mobile leaflet layer.

87. The transcatheter, implantable, prosthetic heart valve of Claim 86, wherein the

cusp wall layer is located radially outside of the mobile leaflet layer.

88. The transcatheter, implantable, prosthetic heart valve of Claim 86, wherein the

cusp wall layer is further formed by joining apposing sides of the cusp wall layer along a seam.

89. The transcatheter, implantable, prosthetic heart valve of Claim 86, wherein with
the mobile leaflet layer in a position corresponding to a closed operating configuration of the
valve a transverse cross-sectional length of the mobile leaflet layer decreases monotonically from

a distal end to a proximal end of the mobile leaflet layer.

90. The transcatheter, implantable, prosthetic heart valve of Claim 86, wherein the
mobile leaflet layer and the cusp wall layer of each integrated cusp and leaflet structure are a

single continuous piece of biocompatible membrane.

91. A method of forming an integrated cusp and leaflet folded structure for use in an

implantable valve having an axial flow direction, comprising:
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folding a flat sheet of biocompatible membrane to form an integrated cusp and
leaflet folded structure according to a flat folding pattern, wherein said folding includes
making two diagonal folds in the flat sheet of biocompatible membrane, the two diagonal
folds separating a mobile leaflet layer from a cusp wall layer of the integrated cusp and

leaflet folded structure.

92. The method of forming the integrated cusp and leaflet folded structure of Claim
91, wherein said two diagonal folds are angled at between 10 to 80 degrees from the axial flow

direction.

93. The method of forming an integrated cusp and leaflet folded structure of Claim
91, further comprising forming first and second cusp wall folds, wherein the cusp wall layer is
further formed by joining apposing membrane portions adjacent the first and second cusp wall

folds along a seam that is oriented substantially parallel with the axial flow direction.

94. A method of forming a transcatheter, percutaneously implantable, prosthetic heart

valve, comprising:
folding a plurality of integrated cusp and leaflet folded structures, each integrated

cusp and leaflet folded structure of the plurality of integrated cusp and leaflet folded

structures comprising a flat sheet of biocompatible membrane that is folded to form a

cusp according to a flat folding pattern, wherein the cusp is further formed by joining

apposing sides of the cusp along a seam; and

attaching each integrated cusp and leaflet folded structure of the plurality of integrated
cusp and leaflet folded structures to a lattice frame, wherein the two or more integrated cusp and
leaflet folded structures are each attached along their respective seams to the lattice frame in a

direction substantially parallel to an axis of the lattice frame.

95. A vascular system implant, comprising:

a lattice frame; and

49



at least two folded biocompatible membrane sheets attached to the lattice frame, wherein
each of the at least two folded biocompatible membrane sheets has been formed to include a non-

rectangular polygonal mobile leaflet.
96. The vascular system implant of Claim 95, wherein each of the at least two folded

biocompatible membrane sheets comprises two or more pieces of biocompatible membrane

material.
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